MAGNETIC RECORDING CIRCUITS 


Ian H. Graham 


Mr. Graham is presentiy the Senior Staff Scientist to the Recording 
Technology Center of the MEMOREX CORPORATION, Santa Clara, CA. 95052 


The author wishes to thank the MEMOREX Corporation for their 
encouragement and support without which_this book a never 


have been written. ee tf CE, - 


Ian H. Graham 


TABLE OF CONTENTS 


INTRODUCTION 

THE HEAD STRUCTURE (General ) 
DISC - TAPE STRUCTURE (General 
HEAD CIRCUIT 

HEAD PERFORMANCE 

WRITE CIRCUITS 

READ PREAMPLIFIERS 

MATRIX CIRCUITS 

SAFETY CIRCUITS 

DATA DETECTORS 

LINEAR AMPLIFIERS 

DATA CLOCKING, PHASE LOCKED LOOPS 
DATA RECORDING CODES 
RECORDING CHANNEL TESTING 


“Ad 


University of Santa Clara 


Department of Electrical Engineering and Computer Science 


Magnetic Recording Circuits 


52.364.01 


Text - I. H. Graham "Magnetic Recording Circuits" 
(to be published) 


Period 
A General Head-Disc Performance 
2. Write Circuits 


a Read Amplifiers 


TS Multiple Head Switching Matrices 

5 Safety Circuits 

& (Data Detectors 

5 (Linear Amplifiers and Filters 

9 Data Clocking and Phase Locked Loops 


10 Data Recording Codes 
and Take Home Fina] 


11 Final Exam Review 
Recording Channel Testing 


References: 


Reading Assignment 


Pages 


and 5. 


Pages 


and 6§&. 


Pages 


and 7. 


Pages 
Pages 
Pages 
Pages 
Pages 


Pages 


Pages 


1.1 thru 3.5 
1 thru 5.16B 


4.1 thru 4.6 
1 thru 6.25 


7.1 thru 7.27 
la thru 7.3a 


8.1 thru 8.11 
9.1 thru 9.25 
10.1 thru 10. 
11.1 thru il. 
11.1 thru 12. 
13.1 thru 13. 


14.1 thru 14. 


1. Yarbrough, Magnetic Recording Classes 360, 361 and 362 U.S.C 


Seis 2. ee @. Gardner. Phaselock. Techniques,.2nd.Ed... Wiley, 1979 


3. Weinberg, Network Analysis and Synthesis, Krieger, 1975 


4. 


al 


Introduction 


History 


| 1 /9- 
HiGH DENSITY DISK DRIVE TECHNOLOGY Se Tf 


Rotating Storage devices have traditionally occupied 2 niche to 
themselves by oreviding low cost storage of large amounts of cata. 
Slow access times always characterize this area of eieeeee This 
is in contrast to the core and semiconductor memories which feature 
fast access but at high cost. With disk or drum memories, large 
amounts of data can be made readily available to the commuter as 
"on line” storage. 

During the past twenty years of disk drive development, the 

cost per stored bit has gone down considerably while the amount of 
stored information per machine has greatly increased. The earliest 
disk drives used 24 inch fixed disk —e with hydraulic accessing 
mechanisms. These were usually for large size semmacers: Their 
physical size usually precluded their use with small office 
computers. 

With the invention of the removable 14 inch disk and disk assemblies, 


anew market was opened up providing disk drives to the small 


computer user. These disk packs could be removed and stored at will. 


Programs were written to call for a certain pack or vacks to be 
installed to complete the job at hand. The concept of a resident 
computer program further increased the use of disk files. 

The secaciy of disk files increased with each new technology step. 
In order to permit these technology steps, improvments needed to be 
made to the disk surface finish, the magnetic iene materials, 
the air bearing or air lubricated head construction, the read/write 
head positioning mechanism and associated electronics, including 


the logic family, used to control each machine function and many 
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computer user. These disk packs could be removed and stored at will. 
Programs were written to call for a certain pack or sacks to be 
installed to complete the job at hand. The concept of a resident 
computer program further increased the use of disk files. 
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‘Other areas. Each new improvement required Siner tolerancing 
of most parts associated with the disk drive mechanisms. 
Higher storage densities are usually achieved by taeag tae the 
radial track density and the circumferential bit density. 
Increasing the track density has been a problem largely soared | 
by the tolerance build up of the mechanical parts associated 
with the disk apive spindle eases system and the access mechanism. 
With the invention and successful implementation of a track 
following servo system, further increases in track density were 
possible wntil the tolerance build up associated with pack inter- 
change forced the designers back to the concept of fixed disk 
storage again. By now, the amount of storage per disk drive and 
the present requirement to have all data on line to the computer 
at all times has reduced the need for pack interchange thus making 
possible still further increases in track density. Track densities 
have been increased from about 20 tracks per centimeter to a present 
value of 189 tracks per centimeter. Developments presently underway 
in track following techniques involve the individual addressed 
head with staggered servo data and read-write data. This may 
eliminate these last barriers and permit removable packs on very 
high density machines. | 
Circumferential bit density increases usually require reductions in 
Magnetic head to disk surface spacings. These changes have not come 
easily as the finish or flatness of the disk surface must be 
tiescved with each decrease. The magnetic oxide coating materials 


must change along with the size and shape of each magnetic oxide 


particle, On early disk drives the air bearing forced between 
ie magnetic head and the disk surface was controlled by forcing 
compressed air between the two surfaces. An inventive application 
of air lubrication principles provided the greene self lubricated 
head air bearing. Typical spacings started out at around 12 microns. 
Today the head to disk spacing is around a half micron. The gap 
between the magnetic pole pieces of the head have alsd been reduced 
to permit closer bit spacing. Values presently used are around 
lL micron. The materials used to make the head pole pieces have 
changed from permalloy to favices because of the increased 
frequencies involved in record and read back fimctions. 
Requirements for increased logic speed have brought their own 
family of improvements. These range from the vacuum tube - valve, 
through transistors to the present specialized integrated circuits. 
Typical data speeds have gone from 1 bit per 100 microseconds to a 
present 1 bit in one tenth of a microsecond. Storage capacities 
have changed from one million bytes per machine to over 300 miliion. 
These rapid improvements and increases in emesis will continue 
for at least mother decade. There are designs on the drawing 
boards of several manufacturers that will permit a four to eight 
fold increase in acces within the next two years with no real 
end in sight. For each limiting factor new technolcgies have been 
invented. For example, as track densities ereaaae the width of 
a track decreases. The head materials presently used have a grain 
size equal to the ies width of the next generation disk drives. 
Already ‘many firms are working on. thin film heads. These heads 


are made by depositing thin films of magnetic metals or alloys to 


Competition 


dimensions far smaller than the grain size of the best ferrites. 
The disk coating materials , which presently consist cf sir 


particles of ferric oxide bonded in an epoxy resin layer of about 


one micron thickness, will be replaced with thin films vacuum 


deposited on the disk at thicknesses approaching 50 thousandths: of 
a micron or 5 X 107° meters. | 

Tremendous improvements have been made in the codes used to transmit 
the data. Error detection and error correction codes permit accurat 
data even with disk defects encompassing more than a whole byte of 
data in a record. Concepts have now been developed which permit a 
disk surface defect to be skipped during the write process. further 
improvements in addressing will permit many such defects to 5e 
transparent to the user. 

The extension of disk drives as low cost, high density storage 
devices is expected to continue for many years to come. Magnetic 
recording requires low energy per bit to write and takes a short 
time to write. There is a lower limit to the time needed to write 

a bit. It is controlled by the domain switching time of the disk 
coating material. for ferric oxide films this is about 50 nano- 
seconds or about half the abasene bit spacing time. Transmission 
speed is therefore limited to 20 million bits per second. The 
actual density of the recording for both track density and 
circumferential density is limited only by the magnetic domain 

size. This limit will not be reached for many years. 

Competing tachnolestes are electron beam, holographic, semi- 
conductor RAM, charge coupled devices, and bubble memories. Of 
these, holographic and thermal electron beam memories are slow 


writers. Certain dyes permit write, read and rewrite capability 
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for ielsevashie memories but most are read only devices The 
same limitation to read only after an initial write ie enue of 
thermal electron beam memories. Their usefulness is limited 
_to large library storage such as legal cases or court histories 
where the data does not need to change over many years. Bubble 
memories, charge coupled devices, semiconductor-electron beam 7 
and semiconductor MOS and bipolar RAM will scapes and replace 
core memories or fixed head per track machines within the next 
few years but they cannot replace the large capacity disk drive 
without a more than tenfold decrease in cost and a more than 
doubling of the world's semiconductor capacity. Such is not . 
likely within ten years. 
Future I suppose this is the hardest part to Sammie Since there is 
| easily am eight to tenfold increase in capacity presently 
available within the current technology, one night suppose further 
technological changes might produce another decade increase in 
capacity. The amount of data available in a single disk drive 
could well become 30 thousand million bytes by 1990. Thru put is 
limited to 20 million bits per second or 2.5 million bytes per 
second because of the magnetic domain switching time limitation. 
This may well equal the best channel acceptance times of the next 
generation of computers. Byte size may be increased which will 
reduce the cycle time per byte. Interleaved by byte records can 
double circumferential density without increasing channel speeds. 
Staging devices on be employed to buseer the disk data and the 
channel. | 


Presently a storage control wit is required for a group of drives. 
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This storage control unit has its own microprocessor constructed 
ef discrete logic Siisene. it is controlled by a resident 
microprogram that performs all the housekeeping functicns for a 
large number of drives. Future drives may each have their own 
microprocessor. Each drive may then be tailored to a specific 
storage function Sy means of its own micreprogram. Many tasks. | 
presently performed Ey the controller or even the main computer 
can now be delegated to a integrated drive. Processing of data 
for storage is an easy task for such a drive. Processing the 
data prior to transmittal to the main computer is an easy step, 


particularly if we have individualized disk drives that are 


tailored by a particular microprogram. Combinations of disk drive 


and mass tape systems are currently available. Their future 
usage may well place a company or government in real time control 
of its resources or records. | 

Disk drives offer large, non volitile data storage that is 
accessible in miliseconds. It has am advantage of not requiring 
periodic replacement such as tapes. Destruction of data due to 
catastrophic malfimctions such as head crashes have been 
minimized by the use of low mass, light load magnetic heads in 
sealed environments. 

Data storage and retrieval has made possible the present growth 
in computer technology. As the storage capacity of a computer 
installation is increased so is its capacity to handle complex 
programs. Presently there are a few programs developed or being 
Gevercons that require very large data bases. These are mainly 
in the serene of simulation, modeling, and pattern analysis. As 


these fields progress in their complexity and capability larger 
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data storage devices will be required. The technology presently 


oe 


availanple can provide storage capacities that cnallenge our 
ability to manage them. Considerable work is needed in data 


management and programming to provide the type of environment 


needed to handle large data base systems for tomorrows research. 


s) 


and develocment. As our data base expands, so do the vrisxs ‘to 
the freedom of individuals caught up in such a network of data 


storage. Responsible governments will, therefore, need to 


guard against such encroachments. 
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High Density Disk Drive faeinsioey 

The development of the digital computer has required a 

parallel development of storage devices. Of the many available 
technologies for data storage, magnetic disk drives lend them- 
selves to the best solution by providing low cost, easily 
accessible, non volitile storage. The history of their develer- 
ment extends over’ 20 years first with the drum memories and then 
disk memories. During this period storage capacities have 
increased over a nundredfold while costs have tumbled making 
todays cost per bit the lowest in history. The paper presents 
some of the history of the development of the disk drive by 


outlining the major improvements in technology that have taken 


place. A comparison is provided that compares the various other 
technologies used for data storage and lists some of their 
advantages and disadvantages. | | 

The trend towards larger data based systems and the storage 
devices needed to handle the storage requirements of the future 
is discussed. Some concepts of future usage couple the now 
popular micro processor with the disk drive which can provide 

a compact intelligent encuace device. This power is only hinted 
at in the drive and controller combination which is presently 

in use. ‘The aegcearies portion can be expanded to process much 
of the data before it is passed on to the computer instead of just 


doing housekeeping and sequencing. 


Speaker 
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He was educated in Australia and returned to the United States 
of America in 1951. He served in the U.S. Navy for 4 years as 

an aviation electronic technician.* Upon discharge he attended 
The University of Utah and received his Batchelor of Science 
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disk read/write fimctions within Memorex. 
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RECORDING ELECTRONICS 


THE HEAD STRUCTURE 


The magnetic head is a modified torroid of magnetically permeable 
material. It is provided with an air gap and a suitably dimensioned window 
around which a coil is wound. The shape may vary with intended use but 


every attempt is made to keep the structure magnetically efficient. 


The terminology is illustrated in Fig. 1.1. The core has some thickness 
and width. The width defines the track width recorded on some media. The 
throat height is the thickness of the core at the air gap, and the length 
of the gap is referred to as the gap length. 


The coil is usually referred to by the number of turns and whether it is 


centertapped or not. 


The ring structure is the one most used in the literature, particularly 
in writing the equations describing its ‘action or interaction. No attempt 
will be made here to go into this aspect, but it is well described in the 


literature, Hoagland and Karlquist being the earliest authors. 


For our purposes we will be satisfied by looking at the field lines. 
and their behavior, as affected by the various mechanical dimensions. The 
magnetic fields produced by current in the windings is mostly developed 
across the higher reluctance of the air gap. The field lines leave the 
higher permeability core surface normal to that surface and seek the 


opposite side, terminating normal to that surface. 
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THE HEAD STRUCTURE 


The. field intensity is greatest within the gap and diminishes with 
increasing distance following the inverse square law. As can be seen in 
Fig. 1.2, the field expands out from the gap. It is this portion of the 
field that is used for writing, the remainder is wasted. Obviously, the 
closer to the gap the media is kept, the more efficient the Write process. 
This separation then becomes a fundamental parameter in the recording and 


reproduction process. 


In hard disc drives it is referred to as flying height and in tape drives 
as separation. In tape applications where the tape is expected to be kept 
in contact, any separation of the head and media is deterimental. In disc 
drives it is deliberate and is part of the design. This is necessary in 


order to minimize head-media wear expected at the higher velocities used. -) 


Other structures that have been used to date include those shown in 

Fig. 1.3. The windings may be either around the core itself or around the 

back bar. This structure has been implemented in ferrite in the IBM 2314, 
| and 3330 machines. There are two back gaps that are shorter and larger 
in area than the main gap. Here the reluctance is minimized to increase 
efficiency. The CI structure was used in all the earlier disc machines 
from the IBM Ramac 350 to the 2311. The pole pieces were made of laminated 
Permalloy in order to reduce both core and hysteresis losses. Notice the 
poor back gap contact in Fig. 1.4. This was due to the slight angle neces- 
sary to produce the front gap using lapped parts. This head structure was 
later abandoned due to the poor frequency response of the thick laminations 


of the Permalloy. Ferrite afforded improved permeability at higher frequencies 
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and was therefore used extensively for the next twenty years until grain size 


became comparable to trackwidths. 


IBM announced the Winchester head in its 3340 product in 1974. Its 
Structure permitted lower flying heights with less mass and therefore a lower 
loading force with less energy content on contact. Its structure is shape 
in Fig. 1.5. A small C structure is bonded to the face to provide the gap 
and the coil winding window. The two outside rails, A, B, constitute the air 
bearing surface, replacing the large ceramic or barium titanate sliders used 
in the earlier high mass heads. The center rail carries the head C core and 
is machined to the width of the track. There are variations of this slider 
form using only two rails that carry two head C cores or two thin film heads. 


Sometimes this structure has a machined cavity that produces a low pressure 


area. This low pressure area is balanced against the high pressure area 
under the rails to make a self loading slider that does not require an 
external load force. The earliest heads required an air supply to establish 
the air bearing required to maintain head-disc separation. The development 
of a self lubricated slider removed the requirement for a pressurized air 
supply. These heads were loaded onto a spinning disc through a cam arrange- 
ment with a load of 350 grams. The heads required removal before the disc 
was stopped. With the introduction of the Winchester head, the head load and 
mass were low enough to permit contact start and stop, thus permitting a * 
sealed environment. A comparison of the two types of air bearing is shown in 


Fig. 1.6. The dimensions are exaggerated in order to show the principle. 
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The next head type used is the thin film head, so named because it is 
manufactured using thin film techniques. Here the various parts of a head 
are deposited as films of magnetically permeable materials such as Permalloy, 
conductors such as copper or aluminum, and various insulators. The precision 
of photomasking techniques permit precise trackwidth control to dimensions 
down to the sub micron level. The structure of the thin film head is shown 
in Fig. 1.7 A and B. The actiial shape of the various etched deposits varies 


with design. 


The return to a Permalloy core structure 1s permitted because the core 
losses are greatly reduced. The very thin films permissible by the technique 


reduce these losses significantly. 


In tape drives the core material remained Permalloy for a long time. 
This was due to the relatively low tape velocity compared to discs. Recently 
they have moved to ferrite to improve frequency response and head wear. Their 
structure is not unlike that previously given, except that multiple heads are 
sandwiched together to provide the required number of parallel tracks simul- 
taneously used. The tape is held in contact by the use of pressure pads and 
guides. Some heads have two cores per track: One specifically for writing 
which has a wide trackwidth and a wide gap length; The second head follows the 
the Write head in tape direction and is constructed with a narrower trackwidth 
and a narrower gap length. This is done to reduce off track positioning errors 


and to improve the Read frequency response. 


Disc heads must, of necessity, be a compromise in gap length, as they are 


used for both reading and writing. Fig. 1.9 shows why only one head is used. ) 
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RECORDING ELECTRONICS 


DISC/TAPE STRUCTURE 


Magnetic tapes have long been manufactured using a backing material 
usually of plastic, but earlier tapes used paper. Today Mylar is extensively 
used, aS it stretches or deforms less. The magnetic material is gamma ferric 
oxide imbedded in a binder and coated onto the surface of the backing uni- 
formly. Calendaring, a Memorex javarition: was later used to reduce the surface 


roughness and hence head wear. 


Discs are made from an aluminum alloy blank stamped from sheet stock of 
high purity. The blank is then polished such that its flatness is controlled 
within microinches. A mirror finish to within a light band is the result. 


This disc is coated with a slurry of gamma ferric oxide and a suitable binder. 


Down through the years this coating has become thinner and thinner, going 
from about 1 mil to 35u" in twenty years. Changes in formulation have occurred 
to improve coating hardness, uniformity, coercivity, particle size, particle 


dispersion, and adhesion. 


Gamma ferric oxide has been used extensively due to its fairly square 
hysteresis curve. This curve relates the B and H fields as functions of the 
intensity (see Fig. 2.1). It is noted that the permeability of the oxide 
changes both from field intensity and from past history. What makes the 
particle so useful is the ease of saturation and the retained B field, Br. 
This is the chacteristic that permits recording. In saturation recording | 


the coating is saturated first in one direction and then in the other as a 
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function of the data to be recorded. The spacing between flux reversals 
determines linear data density. The linear distance is divided into cells 

to which is assigned a bit of known value, thus on play-back (read) each bit 
is reproduced in its correct cell and the data is recovered. A typical disc 
or tape magnetization pattern is illustrated in Fig. 2.2. The cross section 
is taken longitudinally along the track. The location of the N,-N juxtaposi- 
tion or S,-S juctapos ition as referred to as a transition, the center line 
being the exact location of the transition. Since this is the moment at which 
a moving head sees a maximum time rate of change in flux, a voltage is 
developed in the coils surrounding the core as the core gathers the flux, due 
to its higher permeability than ena surrounding air. This simplistic explana- 
tion will suffice for here. More precise development of the theory is given 


in the literature. 


The surface of discs is polished to the desired flatness in order to 
minimize the head-disc spacing variations. Any variation in flatness is seen 
by the head as an up and down motion as the disc rotates, which excites the 
mass-spring mechanics of the head, causing further head-disc separation and 
possible contact on the negative excursion. Contact has been a problem with 
the high load, high mass head, as the disc is damaged extensively due to the 
energy of contact. Particles are removed which further contaminates the 
air stream under the head, which causes further disturbances and further contact. 
The final effect is called a crash. Crashes have essentially been eliminated 
with the Winchester style slider. Some disc manufacturers deliberately add 


alumina particles to the coating slurry in order to force a contacting head 
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to rebound from the hard particle. A problem with the alumina is that it is 
non-magnetic and therefore represents a magnetic discontinuity which is read 
by the head as a noise voltage. Size control is required in order to keep 
the top of the particle below the expected position of the head. Contact of 
the Winchester head is deliberate during start-stop operations. The disc . 
coating is given a thin coating of a fluorocarbon in order to improve its 


wearability without causing stiction. 2 


The coating thickness influences the spacing between transitions. Hence 
as the data density has increased, so the coating thickness has reduced. This 
effect is easily seen when one considers that the field required for satura- 
tion must emanate from the head gap which reduces as the inverse eauaKe of 
the distance from the gap. The further the field must penetrate, the larger 
the initial field; therefore the wider the field lines. If point D on Fig. 2.3. 
is 300 Oe or saturation value, then the particle at A is not saturated. But 
if A is 300 Oe, then D is much higher and its influence extends to E and F, 
thus widening the field or reducing the obtainable density. The height of 
the head is above the media as@ has the same effect of reducing the potential 


transition density. 
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HEAD CIRCUIT 


In order to write a transition, current must be passed through the coils 
of the head windings first in one direction and then in the other in time 
with the imaginary cells assigned to each bit recorded on the moving disc or 
tape. To see the effects of such current reversal, we need to develop an 
equivalent circuit for the head. We expect it to include resistance due to 
the conductivity of the wire used. It must have inductance due to the turns 
and the core structure materials. we would also expect interwinding and 
wiring capacitance. See Fig. 3.1. This then becomes a simple RLC circuit, 
as illustrated in Fig. 3.2A. The equations for a step current in LaPlace 


form concern the voltage developed across the head windings as well as the 


current through the head windings. 


V = | | 
(s) (s) Z (31) 
S ve) 
= I 1 (LS+R) a 
(s) cs ee _ + (3-2) 
tS + LS+R a Ss . 
R 
Is) ommeeel an 1 - 
2 eo 
Sc(S +7S + =) 
This can be rewritten as (3:4) which is the standard form: 
Tis) set 2B Wn \ (34) 
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The current through the head winding which produces the flux is simply the 
voltage divided by the R and L of the head. This is not exactly true, since 
the interwinding capacitance plays a role in the true current, but it is 


sufficiently accurate for our purposes. 


V oo | 
Veted * GL eG) (eth (3°5) 
ee R+LS S (ae +LS+R)(LS +R) 
[ a. . 
= “(s) | cs (3°6) 
: aetlS+R 
; Eg 
= *(s) LC (37) 
S st+ase : 


which, when written in the standard form, becomes Eq.(3-8): 


I WwW? | 
(s) n ; (3-8) 
S S2 + 2cWnS + Wn? , 


As we examine these equations we see the terms 2zW, and Wy? are identical for 
both the voltage and the current. The R value is small, being typically only 
a few ohms for low winding heads. The damping factor,z, calculated from the 


algebraic equation 


t|7 
t 


= 2cW, or co = _R_ (3-9) 
2LWy 


an 
would be small, indicating that both the voltage and current will be exponen- 
tially damped sinusoid instead of a modified square wave, as we would wish. In 


order to do this, we must add a resistance either in series or in parallel. 
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In summary, the field strength seen by the media depends on the current 
value, the ratio of reluctances, the flying height or spacing, and the coating 
thickness. The design of the head must therefore accommodate all these when 
attempting to maximise the lineal transition density. Also the head inductance 
increases with the square of the turns, whereas the output voltage only increases 
as a direct function of turns. Trying to compromise output and rise time becomes 


difficult because of the inductance. 
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Figure 3.7 shows the positional relationship of a particle of oxide as it 
travels within the gap and the field strength it sees at each position. 
Clearly current curve 1 takes the particle from -M to +M within the distance 
of the gap travel; whereas, with current curve 2 the particle is well outside 
the gap before +M level is reached at the trailing edge. This Pidieates that 
the particle will not be saturated and will therefore retain old information. 
The saturation is not quite this bad as the write current is usually greater than ; 
required for saturation. Similarly a particle at the gap center at the start 


of the transaction remains saturated at -M as the field when crossing the 


trailing edge is nearly zero. 


Magnetically the head circuit can be described by a reluctance diagram. 


(Fig. 3.8). In the construction of the head these reluctances must be con- 


sidered. The core leg and back gap reluctances total must be small compared 


to the front or working aap. 


When writing the front gap should be wide in order to assure complete 
saturation during current rise time. Its reluctance will therefore be greatest 
as desired. However, in its construction the core area is considerably reduced 
at the throat in order to maximize the external field as shown in cross section 
in Fig. 3.9. The reluctance which is a function of cross section will be 
increased, hence the field strength in the area is increased thereby creating 
the possibility of pole tip saturation. Pole tip saturation effectively widens 


the gap as that portion saturated has a pof 1 like air. 
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the rise time with minimum ringing. The actual overshoot is about 3-5% which 


is acceptable. When the current is measured using a current probe, the ideal 


waveform is not seen. To see why, we must relook at the equivalent circuit. Fic 3.2¢ 


We see a capacitor and a resistor on both sides of the current probe. The 


equation can be modified and does reflect the true waveform. 


TProbe(s) : de ( Boj jf $+ 26etmnS + ton s aa tn, 
S Ri Ss” + 2T1WniS + W, 1 ig 
Where Re Wap? and t, are the parallel equivalents and the terms 


with the subscriPt 1 are those on the head side of the probe. 


For reading the eeu must be adjusted for a ee 0.7. The reason for this 


is that for current we are talking about a ene domain response and for reading 


we are talking about frequency domain response. See Figures 3.3 and 3.4. 

Refering to the current's time domain response and the hysterisis curves 
for the media as shown in Figures 3.6 and 3.5 respectively, we can see the 
magnetic effect of ringing of the write current. The overshoot A, causes 
the media to be pushed further into saturation while the undershoot B, brings 
the media back out of saturation. This is undesirable. 

Since the write eaReent cannot change instantaneous ly, there is a period 
of time during which the media sees less than a saturating field. If the rise 
time of the write current is short compared to the time a media particle travels 
from one edge of the head gap to the other, then that particle is assured of 
leaving the influence of the gap saturated in the new direction. From this 
we can see that the trailing edge of the head gap exerts the final influence 


on the media. 
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The equation becomes (from Fig. 3.2B): 


1 
atGS} LS 
ee (3.10) 
V pe ls Zs) = Is) R+ CS 
S S R(t) 
oS + LS 
R Pe 


which reduces to Equation 3.11: 


I 
= 2) ee aeee (3.11) 


when written in the standard form it becomes Equation 3.12: 


Vis) = (8) “4 oe 
AS ) 2 ee 
qi ~ " C(S + 2S #7) 4% Fhe (3.12) 
oll Je | 
ae oko Yy = ee 
Similarly we develop the current equations as before: 
. Wiexe 1 | | 
lis)° a ——— (3.13) 
LS LCS(S' + 2cW, + Wh ) 
I W 
ae) Heat eee 
S10 (3.14) 


2 2 
S(S° + 2cW,S + W,”) 


We need both equations 3.12 and 3.14 as they describe the voltage swing across 
the head during a a write and the current wave form. With R properly chosen to 
make c= 1.0 for no overshoot we obtain the case of.no ringing in either 


voltage or current. Practice shows that a c. of .95 is best as it improves 
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HEAD PERFORMANCE 


In inductive heads which are the only ones considered so far, the nea 
back performance of the head is directly releated to the velocity of the 
recorded transition, the number of turns on the core, and the efficiency of 
the flux gathering paths. The instantaneous read back voltage is then pro- 
portional to KN nd The flux resulting from a transition is complex having 
field lines changing in slope from some positive value to some negative value 
or visa versa over some distance. The work of Karlquist and Hoagland's studies 
have provided the basis for these interactions with considerable work done 


by others following. It is not the purpose here to detail the derivations, 


but we will use their results. 


KARLQUIST 
| 
Hx (x,y) = 79 fe = Ce + tan7! (922,—») | (4.1) 


1 (g/2 +x) +4 
Hy (x,y) =2%q In (Ga (4.2) 


These two equations show that there is both a horizontal x component 
as well as a y component of flux. Where g is the gap length, x and y are the 


component vectors. 


Most authors have neglected the y component for simplification by assuming 
a thin media; however, there are features of the read back pulse that can only 


be predicted by using the y component. 


ore 
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The idealized thin media pulse is given by: 


an we A A _ 1 - 
e (x) = af (X - x) Hx(x)dx = (M x*Hx) x where * is the convolution. 
-A 


There are several other derivations that should be looked at besides the 
arctangent equations. Others have used the Gausian, Lorentzian and modified 
Lorentzian versions. We will use the results of their work here, but will 
not go into the magnetics nor derive the equations. Our purposes will be 
filled as we understand the effect of the various parameters of the head on 


the read back and writing process. 


As expected the center of the transition is the point of the maximum 
time rate of change of the recorded flux; therefore, the read back voltage 


will be a maximum trailing off on either side. We will use the Gausian or 


bell shaped curve for understanding as shown in Figure 4.!. We refer to this 
pulse as an isolated pulse. Hoagland and others have shown that linear super- 
position holds for this pulse. Therefore as we record positive and negative 
tvaneteions alternately on the disc the resulting waveform will be a train 

of positive and negative pulses of the general shape shown in Figure 4.1. 

As these pulses are crowded together we can use superposition in order to 


predict the resulting waveform or interaction. 


In Figure 4.2A the peaks of the two pulses do not interface, but there is 
interference between them. The resultant waveform remains nearly the same in 
peak-to-peak amplitude, but does not return to the hace dine betieen chew. In 
Figure 4.2B the spacing is closer. Here the pulses interact strongly, influencing 
both amplitude and peak position. Note the reduction in amplitude of the resultant 
peaks and also the shift in position of the peaks compared to the original. 

Since a train of data is time dependent as to its value in a data stream, this 
shift becomes significant. We refer to the shift as bit shift or peak shift 
“ue 
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* and it results strictly from pulse interaction. 


If we were to test the peak amplitude of the read back waveform as a 
function of transition spacing or transition density, then we get what is 


called a transition or bit density curve. This is shown in Figure 4.3. 


Each head nd disc combination has its own curve depending on their 
many parameters. Bit shift or transition shift can also be similarly plotted 
on the same graph coordinates. The extension of the amplitude curve relates 
to the wavelength of the transition spacing and the gap length. If the gap 
field includes two transitions the net flux is zero, hence a maximum at B 
in Figure 4.3. The head disc parameters are gap length, throat height, flying 
height or spacing, media coating thickness, media coercitivity and remenance, 
and head core reluctance. Amplitude is affected by throat height, head 
spacing, coating thickness and remenance particularly in the flat or non- 
interacting portion of the curve. The ooint at which the roll off occurs is 


affected by gap length, flying height, coating thickness and media coercitivity. 


From the above it can be seen that some parameters affect both amp 1 i tude 
and roll off. Generally speaking, if we want to increase transition density 
we need to fly closer, use thinner media of higher coercive force and use a | 
narrow gap head. All this shows up in the equations for Pweg or the 43 voltage 


pulse width of the isolated pulse as shown back in Figure 4.1. 


There is an equation that has been derived to express the Pweg in terms 


of distance. 
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PWeQ N g?+ 4 (d +a +8)(d +a) (4.3) 


Where g = gap length 
d = head media separation 
§ = media thickness 
a = transition length 


The transition length has been expressed as ‘a’ for N1Z, ferrite heads. 


ak ot ea wi (4.4) 

No mention is made of the field spreading effects of finite rise time 
nor of the core reluctance and perme tivity. Kd is an seen number equal to 
0.75 for particulate media and about 0.9 for thin metal films. The equation | 
does not hold too well for MnZn ferrite heads. A possible explanation is that +) 
NiZn heads usually have a magnetic dead layer therefore flying height is . 
incorrect as is possibly the gap length. If it were perfectly annealed, the 
equation for ‘a' might be in error due to Kd not counting the effect of finite 


rise time. 


If we observed an isolated pulse on an oscilloscope, we would see a slight 
asymmetry and a trailing undershoot. Going back to the earlier Karlquist 
equation, we can see that there is predicted a y component. It is this y 


component that causes the asymmetry as illustrated in Figure 44, 


This distortion must be considered when predicting bit shift and amplitude 
using superposition. It is presently done by entering points on the curve into a 
computer and having the computer do the work to generate the transition density 
curve. A general density curve can be drawn relating amplitude to Transition 
Spacing/PW50. | 
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SATURATION CURVE 


If the amplitude of the read back signal were plotted as a function 
of the write current amplitude or given transition density, we get a new 
curve called a saturation curve. As the value of current is increased, we 
would expect the read back amplitude to increase as it would in a linear. | 
system. However, aS we approach saturation in the media the amplitude levels 
off and remains steady for’ increasing amplitude. If the media is thick, the 
saturation curve rolls off instead of remaining flat with increasing current. 

To understand why this is so, consider Hoagland's terminology of near 
Field and far field. The near field is defined as the field within one gap 
length from the gap center as shown as point A in Figure 4.5. Point B is in 


what is called the far field. 


It can be shown that for a head disc interface where the combination of 
flying height and coating thickness is equal to or less than the gap length 
the saturation curve remains essentially flat for increasing current provided 
the pole tip is not saturated. If the furthest particle of the media 
is further away from the gap than one gap length than the total effect is to 
broaden the transition width which reduces the amplitude the same as if the 
PW50 were increased which is exactly what happens. This was explained in 


Figure 2.3. The resultant saturation curve looks like that of Figure 4.6. 


AS expected from the transition density curve earlier discussed, the 
amplitude for higher transition densities is reduced -by superposition. 
A saturation curve may be drawn for each density; therefore a typical 
saturation curve is a multiple curve showing at least the minimum and maximum 


density curves for the prepared recording system. Note that as in Figure 4.7 
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the current of saturation for each density is different indicating that 
saturation is also a function of transition density. The usual transition 
density curve can be taken at a single current value or it can be plotted 
using the minimum saturation current level for each transition density. To 
optimize a system it is profitable to choose the current value that best © 
overwrites old information. It should also be noted that if the recording 
involves the far field, the slope of roll off increases with increasing 
density. This is shown in Figure 4.8. This roll off can be expected from 
the field spreading effect of the particle in the far field vs. the recorded 
wavelength. The correct write current must always be chosen to the right of 


the maximum for the lowest density to be recorded. 


Since we noted that the so called saturation peaks occur at lower write 
current values for increasing transition density, we might expect the ability 
of writing higher transitions to erase a lower transition signal previously 
recorded to be diminished. Such is the case and results in a new curve called 
the write over curve. It is usually drawn on the same graph as the saturation 
curve, Figure 4.9. The curve data is taken by first writing the lower density 
signal and measuring its amplitude. This amplitude is called 0.db and becomes 
the reference. The higher density is then written over the lower density using 
the same value of write current. The residual low density signal amplitude is 


measured. This is done by using a high Q filter turned to the low density 


' frequency in both cases. The high density signal is thus eliminated from the 


measurement. The ratio is taken as a -db level and is plotted on the graph. 
The resulting curve then indicates the degree of erasure and the quality of 
the recorded signal. As could be expected, any degradation of a signal affects 


the ability to read a transition and then assign it to its correct time slot. 
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A second valuable measurement is the ratio of the amplitudes of the 
of the highest to lowest densities recorded. This is usually expressed as a 
percent. The lower the percentage the further the two points are apart on 
the bit density curve, or if the two points are a fixed density ratio apart 
then it indicates the points are further to the right on the bit density - | 
curve. This is particularly true if the recording involves the far field. 


Figure 4.10 illustrates this effect. 


In the near field case, the ratio of F2/Fl is about 0.9, whereas the 
far field ratio is .4/.75 or .53. Back to the near field case, to get the 


same .53 ratio the transition density separation is Fl to F3. 


Because of the write over requirements the write current must be kept 
high, but if the far field effect are involved, both the amplitude and 
resolution, hence bit shift, suffer. A compromise must then be made between 
the two. It is then obvious that far field recording is undesirable. Write 
over values above -26 db are unacceptable. Usually we require at least -30 db 
to keep from degrading the amplitude and resolution or bit shift. The current 
value is always to the right of the saturation point regardless of the write 


over value. This is necessary to ensure erasure of old information. 


The last important measurement is the signal to noise ratio. Noise 
consists of five general components. First is the electronic noise assoicated 
with the amplifier first stage, the amplifier input current noise times the 
head impedance plus the amplifier voltage noise referred to the input. These 
two add as the square root of the sum of the squares. Barkhausen noise in the 
head core is also similarly added. The second noise is the media noise 


associated with the particle size, particle distribution and dispersion. 
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For particulate media this noise is considerable particularly as the track 
width diminishes. This noise increases as an inverse power function of track 
width. The third major noise source is the write over noise already discussed. 
The fourth noise is side fringing noise as read by the head from the adjacent 
track. The fifth noise source is the minor bit noise. These and electronic 
noise will be considered in a later chapter. The media noise will be worse 
for particulate media and best for thin film media such as metal films. This 
can be seen by considering the particles as separate magnets, each surrounded 
by a non-magnetic binder. Thus each particle contributes to the overall field, 
but as the view of the head decreases either in gap length or in track width, 


then the individual fields dominate which thus modulate the head signal. 


If we record a single frequency signal (single density) and we were to 


read it back noiselessly the resultant spectrum would be a single line equal to 
the bandwidth of the measuring equipment. As we allow noise to enter the system 
the spectrum broadens into the typical bell shaped distribution for white noise, 
or if colored, as by media noise, a different shape. We could plot the peaks 
of all pulses in the presence of this noise and we would get a similar curve. 
Since we are most interested in these peaks as they represent the true position 
of the reproduced bit, we need to concern ourselves with the amount and. sources 
of the noise. Similarly, as we move Fupther to the right on the bit density 
curve, we must add the time shift caused by pulse superposition or interaction 
when we write bits of at least two different spacings randomly. The result is 
three curves or more each centered on the predicted peak shift d‘for the 
indicated bit spacing and each containing the probability of peak position due 
to noise. This is illustrated in Figures 4.11 a, b, and c. The work was 
first described by D. E. Katz and is the subject of a paper by him and 
Dr. Campbell published later. 
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The ordinate may be changed to that of the time deviation from the 
expected time position of a recorded transition in a data stream. When 
this is done, Figure 4.11C becomes a plot of the probability of a transition 
being detected as a function of the expected transition of a noiseless non. 
interacting system. If the time window allowed for each transition to be 
assigned to its correct time slot in a data stream were to be drawn on the 
curves of Figure 4.11C, we would notice that a portion of the transitions on 
either side of w would be misplaced or be in error. We will discuss this 
further at a later time as there are many other effects that contribute to 


the number of transitions detected outside of its assigned window. 


SIDE FRINGING 


As mentioned earlier a significant noise source is side fringing. This 
Signal has two components. Consider the head gap. It is three dimensional. 
So far we have only considered the field directly under the head core but the 
field emanates from the side of the gap just as much as below it. The field 
intensity limits for saturation are just as far as the depth of recording 
and worse as the field of non saturation extends even further. The head 
can read this field every bit as well as that under the head. Also it is as 
if the media were infinitely thick (to the side). Thus we would expect the 
field to behave as if it were a thick media or “far field" recording. This 
results in low density signals to be read at a higher amplitude than high 
density signals. Now we measure write over as a ratio of two low density 
amplitudes before and after a high density overwrite. It can be easily seen 
that the write over value is degraded by the side fringing signal since non 
saturated information is available to influence the head. The side fringing 


signal pick up is greater for low density signals. If two tracks were 
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immediately adjacent, the adjacent track recorded with z low density signal 
and the true track recorded with a high density signal then when reading 
the true track the read back signal would contain the low density signal 

as read to the side. If we were to plot the value of the fringing signal 
as a function of the low density frequency, we would observe an increasing 
fringing pickup with decreasing low density or decreasing frequency. All 
this means that the signal. to noise ratio is further degraded from both on 
track low density signals previously recorded as well as adjacent track low 


density signals Figure 4.13 and 4.14. 


MINOR BIT 


Another noise source is the effect of the edges of the core away from 
the gap. These also represent a discontinuity in permeability and thus wil] 
‘appear as a partial gap. The gap length being infinity. On closer inspection, 
infinity is not correct as some field lines prefer to travel around the core 


and exit the side of the core thus generating a voltage in the coils. 


This is illustrated in Figure 4.15 A, B. The resultant pulse is very 
broad and of low amplitude but contains significant energy. An experiment 
can be set up in which a low density signal is recorded and read back as 
isolated pulses. The amplitude and position of both the isolated pulse and 
the minor pulse are plotted as a function of the low density bit spacing. 
At a certain spacing which coincides with an exact multiple of bit spacings 
equal to the core length the isolated pulse is dramatically affected by the 
minor bit as it adds, Figure 4.16, or subtracts its energy to the isolated 


pulse height by the few percent amplitude of the minor bit, but such is not 
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the case. Amplitude increases of ~100% have been observed indicating that 
energy is involved, Figure 4.16. The reason this is not observed more often 
is that normal recording is of higher density which masks some of the effect. 
As this noise does affect the recording performance the head is modified to 


reduce the pick up. 


Head manufactures usually degrade the leading and trailing core edges 
either by increasing the flying height at these edges or by machining the 
edges so that it is not parallel to the pacorded transition or by crumbling | 
the corner so that it does not present a uniform edge equal to the track 
width. This phenomenon is only a reading phenomena. The write field 
strength at the trailing core edge is not sufficient to move the media. remenant 


Field, Br, enough to influence the read back process. 


This can best be seen when recording on a disc on the inner diameters 
where the pole edges 'B are not over the track A made by the regular gap. 
Then moving the head to have the gap over the B track. No evidence is seen 
of the signal recorded while writing A even when using a spectrum analyzer 
as the measuring device. The thin film heads have significantly shorter 
core pieces, therefore the minor bit is substantial. It shows itself as an 
undershoot on both sides of the isolated pulse. A second effect in disc 
recording is an amplitude modulation as a function of radius for constant 
frequency record. These two effects are shown in Figures 4.17 and 4.18 


respectively. 


hw 
N 

R 

») 

o 

RAPIUS 
LY OD | 
al 6 Y lS Ami Tope VARIATIONS wir KAS 

TY 

Q 

2 ye 

~ RESolunoa CREATES 

y Thana ol LESTIOCE 

. 

x | 

DENS Sa 
Ft Ge ie: 9 ; fin fliTeG® VARIATIDVS Witt WAVELEN ST rs 
SATOLATION 


AAKUTO DE 


Y 
S 
A) 
™ 
y 
X 
< 
x 


GAC LeévéTu 


MEDIA REM EM ANCE 


fone Sie 6 &-23 


PUBLICATION INTENDED. ALL RIGHTS RESERVED 


HEAD PERFORMANCE 


The number of undulations being determined by the ratio of the séié 
thickness and the diameter change from ID to the 00. Similarly, we would 
expect a modulation if we wrote varying bit density sianals on a constant 
track as shown in Figure 4.19 which is the standard density curve. At very 
low densities the transition spacing exceeds the pole tip length, therefore, 


no modulation occurs. The above assumes equal pole tip lengths. 


The isolated pulse shape is the same for all low density signals below 
the pole tip length. When the transition spacing nears the pole tip length, 
the shape of the isolated pulse changes until it affects the amplitude. 


Thereafter the density curve is modulated for all higher density signals. 


During this chapter we have focued on three fundamental curves that 
describe the performance of the heads and discs together. We can. summarize 
by drawing several curves that relate the various mechanica? dimensions of 


the head and disc. The unlabeled dimensions are considered unchanging. 


The five mechanical parameters that affect head-media performance 
significantly are the head gap length, head spacing, head coil turns, 
media thickness and media coercitivity. The actual shapes of the above 
curves are only to show trends not actual ratios. Of these curves the head 
gap length, head spacing and media coercitivity control the transition 
density performance as long as the signal to noise ratio remains the same. 
Generally we can say that as head gap length decreases, as long as the 
combination of flying height and media thickness is kept within the near 


field definition, transition density can increase. 
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OFF TRACK CONSIDERATIONS 


Both tape and disc machines exhibit problems with registration of the 
written track and the reading head. In tape machines this occurs in two 
areas. First the skew of the head centerline from the centerline passing - 
thru the center of all parallel transitions. The angle produces two son Tane: 
The angle produces a cosine error in the track width which lowers the signal 
amplitude and a cosine function that broadens the transition as seen by : 
the head gap thus lowering the amplitude and effectively increasing the Pw50 
which reduces frequency response. The other is tape registration which is a 


problem relating to the guides and the slitting process of the tape itself. 


In disc drives part comes in the form of disc runout which is similar 


to the tape guide-slit edge problem wherein the disc does not always rotate 
around the same point. This is due to bearing problems. Earlier disc drives 
have a cantilever bearing system which accentuates the problem. Also pack 
mounting repeatability is a problem. These together cause the disc line 

of rotation to precess which moves the track from its expected position as 

a cosine error. With a disc stack of more than one disc this makes the 


error subject to vertical location. 


Another area of concern is the carriage and ways. These are the moving 
parts that hold the head arms and allows movement into and out of the pack, 
a radial change in position. Any tilt of this assembly either due to machining 
or due to debris on the bearing surfaces will again cause a cosine error 
which worsens the further the head position is from the bearing surface. 
The manufacturing repeatability of the head arm and its alignment introduce 
either direct off track position error due to misalignment or cosine and 


cosine error from gap skew as previously discussed. The latter group of 
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errors have been eliminated in the fixed pack concept which was introduced 
in 1974 by IBM in the 3340 machine wherein the heads, carriage and way are 
included with the spindle in a separate package or module. The remaining 

tolerances remain until they can be reduced by changing the iGeatioares the 


bearings to either side of the spindle and carriage. 


Early disc drives used a detent arrangement to locate the position of each 
track. These tolerances were enormous compared to the track spacings. 
For example in the 2314 the track spacing is 10 mills. A total of 3 mills 
was allowed for all the above tolerances, or 30% of the track width. Later 
machines achieved better registration by utilizing a closed loop positioning 


servo to locate each track. Here a single head, the servo head, is made to 


follow a pre-recorded track containing positioning information. This cut the 
carriage tilt error to about half and similarly the precession errors. Added 


though is the ability of the servo system to follow the track. 


The total savings were positive thus permitting a present 960 tracks per 
inch or about 1.04 mill track spacing for the Memorex 3652 machine. Any 
mispositioning of a head in relationship to its recorded track results in 
increased noise in the form of adjacent track signals during read. A misplaced 
written track similarly creates problems for both the track of interest as 
well as the adjacent track and finally a reduction in signal amplitude due 
to the mispositioning. As can be seen the closer together the tracks, the 
less movement can be accepted before the signal is degraded. Typical ratios 


of head width to track separation remain fairly consistent for all machines 
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at around 70% which is just the same as for the old detent machines of the 
1960's. The difference being that some tolerances have been reduced 


permitting an increase in track density up to the next limitation. 


An example of the signal degradation due to mispositioning is illustrated 
in Figure 4.33. The signal read wil] be A, the intertrack gap is B and the 


adjacent track signal is C. Fringing is also a factor. 


Sig = T(on track amplitude) + F, 


+ F, + =T (surface noise) 


2 


A 
T1 
ak 
Noise = T(on track amplitude) T2 


SKE 


id 
At the ID the gaps are separated by 2|(2) (apt) bits 
At the 0D the gaps are separated by  |(sP1) (Rl. its 


If the gaps are symetrical around the radial line, then = at OD the length 
b= R(1- cos <=) = po(1- cos (sin ( it. 


: “1 d/2 
At ID the length of b=R(1- cos ) = R( l-cos (sin (R, ))) 
1_d/: 1 d/2 


| vay di _ 
the difference is R,(1 - cos R ) -Ri(l1- cos pr) 


This could be compensated for by the servo track spacing as far as track 
centerline is concerned as well as the intertrack spacing. 
The skew will be twice the difference between aand Bif we align the gaps 


to the radial line at the 0.D. I.D. = 2 (a-8). 
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However, if we align the gaps to the radial line at some mid position 
then we would get + (a=g8) for both the I.D. and the 0.D. The true alignment 


point would be at the radius where g=0.5° sec Fig. 3.35. 


Now the difference between qa and g is large and normal sWew misalignment 


is usually keptto within +30 or +0.5° to minimize amplitude loss. This then 


restricts the total travel of the head. For example: 


R = 6.5" D = 0.02" ; 
—.1/0.02 
4 = sin x = .08814736" 
6.5" 
01 01 a 
R= sin 1.08814736 ~ .01899061 ~ 26> "adius 


4 " =.1" Ry = 6.5" Ry = 4.0" a =.44074106°, g = .71621585° 


Ab .120 mills. This says that 4 < is 2(8 -%) = (.275475°)2 
| This is close to the 
1.4234 x 107° spec for + 0.59 skew. 


bo = 6.5(1 - cos(sin” #-2)) 


-1.05 at 
b. = 4.0(1 - cos(sin 4)) = 3.125 x 10 


This says that there is no positioning reason for not having two heads, one for 
write and one for read with a radial head movement. 
The problem is the isolation required. 


Vv. = 1.0 x10 V@-30 db S/N 


” ' 001 
~Ywn = (37.622777) 
= 3.162 X 10°°V 
104-4 


for 16590 db isolation for a noise contribution of -30 db. 
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.00000768 


_ .01 
6.5(1 - cos(sin™” "765 +) 


Pe)! 
4.0(1 - cos(sin a) 


or 
i 


. 00000312 


oOo 
il 


ul 


Ab 000,004,56 or 4.56 u" . 


that is for a gap spacing of 10 mills 


Try gap spacing of .10" 


| , iad. 405 

bo = 6.5(1- cos (sin $3) = (.90002959)6.5 = .00019234 
a) «05 

bi = 4.0(1 - cos (sin. ~4)) = (.00007313)4 = .00031251 


Ab .120 mills 
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Figure 5.1 iS a general block diagram that may be used to define the 
circuits required. All RM channels have this form. Its complexity may be 
increased depending on the sophistication of the recorded signal or it may be 
decreased for very simple signals. As most disc drives have multiple heads, it 
is obvious that some means be provided to isolate the individual heads from 
each other while allowing one head to function. This is the function of the 
block marked Matrix. It is fed from an address register that contains the 
head number selected. For reasons to be discussed later, these two blocks 
may be repeated. The blocks marked Read and Write perform these basic services. 
A means must be provided to select either. That is the function of the blocks 


marked Read Select or Write Select. Part of the write chain includes the 


Write Pre Driver, the Trigger and any encoding functions. The Read Chain 
includes the Linear Amplifier and Filter, the Detector, and a decoding or 
declocking scheme. Some subfunctions include Address Mark Detection and 
synchronization. A necessary set of functions include the Safety Circuits. 
These are provided in order to protect the recorded data either from simulta- 
neous commands or from failed components or circuits. These circuits do not 
respond to legitimate though unintended commands. Tape drives generally perform 
these functions multiply in groups of 5, 7, or more depnding on the machine 
type. It is the prupose of the remainder of this book to address each of these 
blocks in turn. We will discuss the various interactions and requirements 
particularly those related to the head-disc interface. 
WRITE CIRCUITS 

The write circuit used depends on the head winding structure whether it 


is single-ended to reference, single ended floating differential or centertapped 
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differential. The circuit also depends on the time between transitions. 

In the single ended version the write current required for saturation is 
alternately reversed in the windings producing the alternating flux 
reversals required for writing. This can be accomplished by the circuit of. 
Figure 5.2A. Here the complimentary emitter follower drives is driven by a 
Square wave that is carried above and below ground. The current flow is 
then determined by the voltage level out of the driver and the value of 
resistance in series. With large input voltage swings the value of the 
series resistor can be made large which minimizes the L/R time constant and 
thus reduces the time of the recorded transition. Power dissipation is large 
both in the Driver transistors, the input driving circuit and the series 


resistor. 


The current is determined from EQ 5.1 and 5.2 


Vint - Vbe! 


: (5.1) 
DC I, R +Rhels 
. a Vin- bans Vbe2 

| cman 5.2 

DC I- = oe phe Ls (5.2) 


If the circuit is balanced to ground then these two currents are equal 
except for the slight differences in Vbe and the input voltage swings. The 
circuit is worse cased by considering input swing variations, the Vbe variations 
and the two resistors variations, one a fixed and the other the winding 


resistance. 
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Power dissipation for the transistors is simply calculated, again 


worse case conditions must be assumed. 


p 7 (Vsupply max. - Vsig min, + Vbe max Vs14 min a Vibe max  -£as-3 


Ty Rmin + Rh min 
¢ 
It will be noted that the current is a function of time; therefore, the 
actual transistor power dissipation is less than EQ 5.3 would indicate during 
the time of the transition. Also the true maximum may not occur at Vsig min 


but at some other value. At the time after switching,the current thru the 


inductor cannot reverse instantaneously, therefore, the transistor power 


dissipation is increased in the same transistor until the current falls off 
to zero on its way to the opposite maximum. The base voltage changes to the 
opposite polarity but the current remains the same. The power peak is given 


by EQ 5.4. 


Peak 7 <VSsupply max_- (-Vsig min) + Vbe max) I Max (EQ 5.4), 


Where I max is the cipeent determined by equation 5.1 (or 5.2). 

This transient power dissipation must be considered, particularly when 
secondary breakdown can occur. The choice of transistor then not only 
depends on the voltage and current, but unfortunately both at the same time. 


Figure 5.3 shows the relationships. 
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The head circuit cannot really neglect the capacitance; therefore, the 
actual head current is determined by EQ 9.4 for a step function, using the 


circuit of Figure 5.2B. 


1 
(LS + Rh) CS 
ae : 
: _ V sig (s).\ .LS.+ Rh.+ CS (5.4), 
h _ - . = tee 
(LS + Rh) CS | 
S R + 1 (LS * Rh) 
LS + Rh + CS 


This breaks down to a third order step: | 
V sig (s) ( LCs + R,CS + ) (5.5). 
S | RL?Cs* + (2R,RLC + L2)S2+ (RL + RL +R 2RC + REL)S + RR + a] 


h h 


All this slows down the rise time, widens the transition width which in turn 


widens the PWS50. 


Another circuit that could be used is shown in Figure 5.4. Here the 
write current is determined by the series combination of R, the head circuit, 


and the saturation resistance of the transistor. 


V - Vsat 


I : | 
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The transient behavior is the same as EQ 5.5 only V sig is replaced 


by +V. 


It should be noted that the rise time is affected by the storage time 
of the transistor. If the storage time is very small compared to the 
transition time then it might be a useful circuit. Note that the transistor 


current is nearly double being 


If. V-Vsat 4 V- Vsat (EQ 5.7) 
X R + Rh-:. R 


The power dissipation tn the resistors are very nearly constant. The 
voltage breakdown requirements for the transistor include the voltage developed 


across the head at turn off time due to the inductance. This can be nearly 


the-same as +V meaning the transistor will see 2V during the transient. J 
Also the voltage goes negative indicating tnat the transistors require a 


commutating decode to prevent breakdown (shown dotted). 


The damping of the head for a zeta of .95 can be accomplished by the 
collector resistors or by the addition of a third resistor in parallel with 


the head. 


Tolerances on the Resistor, the Vsat, the supply, and the head winding | 
resistance determine the range of write current expected in a manufacturing 


run. 


A third circuit is shown in Figure 5.6. Here the transistor storage 


time is eliminated, but the current source must supply nearly twice the head 
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current as is also required in Figure 5.4. The commutating diodes are 
eliminated by making +V equal to twice that required which leaves a bias of 
+V on the collectors. This accommodates the negative V swing of the head 
without saturating the transistor. A penalty is that the transistor power - 
dissipation is high. The average Pw being for the transistor, | 


Pwave = (+V¥ - I + Vbe - Vb)I, (EQ 5.8) 


R 
SZ 


The time domain transient equation is the same as equation 5.9 and 5.10 


1 
z so, 2 (EQ 5.9) 
Ih = sists RES + IC) 
—  F(s) = Wn2 | 
$(S2+ 2cwnS + Wn?) (EQ 5.10) 


The transistor voltage breakdown requirement is 1.5 V due to the voltage 
rise resulting from inductive current. Again the damping is achieved via 

2R or a third resistor in parallel with the head. It will be noted that the 
current thru a resistor at switching time goes from I/2 to }%I during the 
transient and back to I/2 again for one half of the cycle. On the second 
half cycle it goes from +I/2 to -I/2 and then back thru zero to + I/2 again. 
The degree of achieving these excursions is controlled by both zeta and the 


head capacitance. 
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The peak power dissipation for the resistor is threfore approximately 


egal | 
PR peak = (9) (V) (EQ 5.11) 


occurring at time A on Figure 5.7. 


A fourth circuit and its variations can be used which reduces the power 
dissipation by requiring a current source of only I instead of the 2! as used 
in the previous two circuits. The basic circuit is that of a current controlled 
bridge. In this circuit the current path is controlled by a pair of emitter 
followers in the upper half of the bridge. The base voltage swing Vbl - Vb2 
must be large. The negative going portion must be greater than the voltage 


developed across the head during switching. 6 34 


The average power dissipation of the upper transistors is half the DC value 


if the signal on Vbl - Vb2 exceed the transient head voltage. 


P - W_- Vb, + Vbe) T 
T( 1 or 2) 2 (EQ 5.12) 


The head current equation is the same as in EQ 5.10. If the input Vb1 
and Vb2 is less than the transient voltage then current must flow thru Tl or 
T2 during a portion of the transient; therefore, the power dissipation is 


‘increased by that current flowing times the V-Vb difference. 
Pr. = (V - (-Vbi) + Vbe) I, (EQ 5.13) 


Where It is that portion of I, supplied thru the transistor. 
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The modification of the head current is due to a portion of I source 
being supplied thru the non off upper bridge transistors. One disadvantage 
of this bridge circuit is the circuits that are required to drive the bridge. 
These circuits also have power dissipation particularly the circuits driving 
the upper half of the bridge due to the large swings required, and if fast 


speed is required, low impedance, high current. 


There are several circuits that may be used. Note the phasing required. 
Because of the various propagation delays and turn on - turn off times, the 
bridge may exhibit current spiking where both teaneetens may be on momentarily 
at the same time providing a path directly from +v to the current source. 
Fortunately, the current source prevents the larger currents that occur in 


saturated bridges. 


With these drivers the current sources determine the swing available. 
The tolerance of the various resistors and the tolerances on the current source 
must ensure adequate swings on Vbl and Vb2 to maintain an unaltered current 
waveform. Care should also be exercised to minimize this mapain as the power 
dissipation of the bridge depends on these voltages and the current. If too 
iavae a margin is provided, A in Figure 5.9, then the lower half of the bridge 
has a higher than necessary dissipation. If not enough margin is provided, 
then the bridge saturates and rise time is degraded. Further if the swing on 
Vb1 - Vb2 is small then the upper half of the bridge experiences a higher 
dissipation. Normally, the upper half of the bridge only sees the difference 
+V¥ and Vbl or Vb2. times the current source value. By using the circuit of 


Figure 5.11B this is minimized. One nice thing about the combination of 
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Figure 5.8 and 5.11B is that it is easily integrated. Integrated circuits 

cannot tolerate PNP switches at either high currents or high speeds, therefore, 
theyare avoided. This last combination is very effective for two terminal 

thin film heads where the voltage transient is below the base - emitter ones 
voltage. Those heads that have large voltage transients must necessarily 

use a different circuit such as Figure 5.6. The head field for all two terminal 
heads is proportional to NI. The read back voltage is also proportional to : 


N do/dt. 


There is another class of head circuit that is very popular for reasons 


to be discussed later under multiple heads. These heads feature a centertap. 


Py 
7 ) 
ee 


The circuits used to drive this head are necessarily different. One 


They are therefore a three terminal device as Figure 5.12. 


principle is immediately obvious and that is that the write current flow is 
into either terminal A or terminal C and out terminal B depending on the 
_direction of the writing flux desired. The head inductance is preportional 

to no; therefore, the number of head turns required for the same N I as previ- 
ously discussed needs to be double, therefore the inductance is multiplied by 
four. One advantage is that the read back voltage is twice the previous value. 
Bandwidth restrictions force the use of a total of N turns therefore the 
readback voltage is the same but the write current is double to keep the 


~—- 


same NI. 


The head circuit can be either the full differential, or it can be 


half where the inductance is equal to La.c/2 (EQ 5.14) as can be seen by 


6.9 


FIG S-ik A 


Z 
[ 


FI6 5 -1¢ 0 


ALTERNATE FotMmsS of A SATAIRATED SwiTEH 


PRIVER FoR A 


a en 


FI 5- IS B 


CENTER TAPFED HEAD 


Vin i een 


FIG Sit B 


PUBLICATION INTENDED. ALL RIGHTS RESERVED. 


R/W BLOCK DIAGRAM 


La-g + Mg_¢ (£Q 5.15) where Mp_. is the mutual inductance of the section 
B - C reflected into A - B. The capacitance for the half equivalent is twice 
the value of the differential capacitance. The damping resistor is half. 


All this is shown in Figure 5.13 A and B. 


L Total = La - C * Lap + Mpc + Lec + Ma_p (EQ 5.16) 


Either circuit will yield the correct results when used in equation 5.10. 
The circuits that are used are discussed below. 


The first circuit is the saturated switch version as shown in Figure 5.14A 


and B. In Figure 5.14A the DC current is established from EQ 5.17. 


VY - Vsat - 


Ane Rh (EQ 5.17) 


R + ry 


Worse case values can be assigned that give the range of currents over 
production runs. Note that the current I is only passing thru half of the 
head windings when calculating the current for the field required. This 


circuit is only useful where the storage time is acceptable. 


The damping resistor Rp is not affected by the series current determining 


resistor R in contrast to that of the two terminal head circuits of Figure 5.4. 


The voltage excursions on the collector are the same due to twice the 
current. No commutating diodes are required as the voltage on the collectors 


never go below ground. 
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For this circuit, though, the collector - emitter voltage breakdown 


must be greater than twice the +V supply. 


The circuit of Figure 5.148 is different. It also suffers from storage 
time in the switching transistors, but the voltage waveform is different even 


though the DC value is identical to EQ 5.17. 


It will be noticed that the collector voltage goes below ground, while 
the second one goes to ground. This requires commutating diodes, also a second 
look at the equivalent circuit. The commutating diode places both ends of 
the head at near ground forcing a head equivalent circuit of just a series R, 
and the inductance Lr for the duration of the conduction of the diodes. The 
time for rise during this period is essentially LA-C/Rp, which can be very long. 
When the transient voltage reduces as the change in current drops, then the 
circuit reverts to the standard parallel RLC of Figure 5.13A or B. Obviously 


this 1s not a desirable circuit. 


The most popular circuit is shown in Figure 5.16. Here the full speed 
can be achieved but at the cost of transistor power dissipation. The voltage 
V is chosen to keep the negative transient voltage at the collectors above the 
input Vin +. The damping resistor is chosen to satisfy EQ 5.17 for a zeta of 


0.95. 
1 


Y = 0.95 = 2W)RC (EQ 5.17) 


The waveforms are shown in Figure 5.17. Notice the collector voltage relationship 
to the base voltage marked as 'margin' also the peak voltage to the Yw level 


that must be within the Vcrq breakdown voltage, (collector to emitter). 
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R/W BLOCK DIAGRAM 


For a P maximum we use EQ 5.18. 


P = 
nay (Vcc MAX - Vb. Ming + Vbe MAX) I source MAX (EQ 5.18) 


We may divide power by two only if the switching signal has no dc component. 

If the DC average of the input waveform is not zero, then some other factor 
must be used. Its value will lie between 1 and 2 depending on the asymmetry. 
Another consideration is the length of time one transistor is conducting. This 
is due to the thermal lag of the transistor structure. For slow waveforms 

the power dissipation must be considered as the full value even if there is no 
dc component of the input signal. Localized heating of the junction may exceed 


the allowable junction temperature. 


The junction temperature for all circuits can be calculated using the 


transistor thermal resistivity value published for that device. 
T; = (Rye + Rog) (OC/W) (Pw Max)(Watts) + Ta Max = (EQ 5.19) 


Where Rjc is the thermal resistance in °C/Watt from junction to case, 
RCA is the themal resistance in °C/watt from case to ambient air 
PWmax 1S the power dissipation in watts, and T, is the ambient maximum 


temperature in oo 


For best reliability the junction temperature, Tz, should not exceed 
100°C even though a device may be rated to 125°C or even 150°C. The temperature 
rise is the first half of the equation. It may be modified by adding a heat 


Sink which alters the parameter Req. Nothing can be done for Ryc though. 


PUBLICATION INTENDED. ALL RIGHTS RESERVED. 
R/W BLOCK DIAGRAM 


Air flow also enters into Re, value and is usually published as a family of 
curves. For writing circuits the power dissipation is fairly high in 
comparison to standard circuits particularly as large currents are required 
in high inductance circuits. The requirement to keep the collectors out of 
saturation forces higher collector voltages. 


* 


: | | (EQ 5.20) 
Ih == — Isource! [+ ) 


BASE DRIVE 


A further consideration is the base drive. The impedance of the base 
driving circuit needs to be kept low in order to reduce the Miller effect 
feedback. If the input impedance is high the head voltage transient will be 
capacitively soupied to the base circuit possibly forcing the transistor back 
out of conduction and the opposite transistor back into conduction. Figure 5.18 
illustrates this effect where the dotted line represents the feedback thru 
Miller capacitance. The transistors also requires consideration when 
designing the base driver circuits. It also affects the current thru the head 
and the current source. All the circuits previously mentioned that are driven 
from current sources will have these limitations. Those that are saturated 
switches will have only the Miller effect to contend with. Equations 5.21 and 


5.22 describe these effects. 


te 
I, = [source - 8 = on = = | (EQ 5.21) 
V base = Vin Vh Transient \ pip (EQ 5.22) 
: 
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TIME DOMAIN SOLUTION 


The time domain solution for the head voltage and the head current as 


described in EQ 3.11 and EQ 3.14 are given in EQ 5.23 and 5.24 respectively. 


1 
I(s) L wn IL_ Wn ,-SWnt , 
i (s) L (S?+ 2cWnS + Win?) "ate -o ingy? -5° wn (EQ 8.23) 


a a. I(s) Wn? 
yd (s) — §(S2 + 2cWnS + Wn2) 


rt on 
= | + 3 i Oe ce ser mnie EQ 5.24 
I\1 {Pre sin(Wn J] c*t - tan ea (EQ ) 


It may be noticed that most write driver circuits bases are driven differentially. 
This type of input is forgiving of any slight unsymmetry in the input waveform 

as long as the unsymmetry is repeated on each input. This is illustrated in 

Figure 5.19 where the crossovers are not occurring at the centerline due to 

slope unsymmetry. “Such unsymmetry may be caused by variations in rise and fall 
times. A typical switching input swing requirement for differential unsaturated 
switches is about 1.0V. This value guarantees total cut off of the opposite 
transistor. We assume that 0.4 volts Vbe are required to bring a transistor 

into a slightly conductive condition and by 0.7 to 1.0 volts the transistor 

is completely on. When using transistors with larger Vbe sat voltages, they need 


to be provided larger input swings in order to correctly switch them. 
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WRITE VOLTAGE CONSIDERATIONS 


Since the write voltage transient forces the collector voltage to be 
high to accommodate the swing, we might profitably look at what we can do 
to limit the total swing. Restating EQ 5.23 again, we can ignore the time 


varying terms and just look at the magnitude portion as shown in EQ 5.25. 


1. Wn 
5 (EQ 5.25) 
Yl - zc? 
by substituting KN’ = L and ignoring the damping term in the denominator 


as] is a constant for all write system = 0.95, we get: 


2 
V = a. Daly (EQ 5.26) 


KN2C ita 
Now we see that NI is proportional to the flux required to saturate the media. 
For a given head - media interface, NI is a constant. If we change the flying 
height and/or the gap length in order to reduce the current then we can reduce 


the transient voltage, but just reducing I forces N to be increased to keep 


the same saturating flux which accomplishes nothing. The only other alternative 


is to either improve the head efficiency by reducing the throat height provided 
we can do SO without saturating the core pole tip or increasing the capacitance. 
This latter will lower Wn which increases the rise time which may be excessively 


detrimental. 
WRITE PULSE SHAPING 


One way to improve the rise time in a head that requires a large number of 
turns, such that the Wn is lower than desired, is to pulse the current source 


in time with each switching edge. The effect is to force the head current to 
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WRITE PULSE SHAPING 


rise towards the higher value and then just barore the required current value 
is reached to drop the current source value to its normal value. A penalty 
for doing this is that there is a voltage across the head capacitance remaining 
that needs to be removed before the head current can settle to its final value. 
The width of the pulse will require careful control in order to orchestrate 

the desired result. A circuit for doing this is shown in Figure 5.20, along 


with the waveforms in Figure 5.21. 


As can be seen the voltage transient is very large. The rise is fast 
during the pulse then it reverts to a negative slope until the transient is 


over. The equation takes the form of two parts where the 


ye Im _— Ip 


Z ‘ 
h (EQ 5.27) 
SA-B Bic | 


notation is for two step functions at differing times and Im = I + Ip (EQ 5.28). 


B. PRE DRIVER CIRCUITS 


The circuits used to drive the Write Drivers can range all the way from a 
direct connection to the Flip-Flop to a intermediate amplifier or switch that 


is used to establish the bias levels required and/or the. base current requirements. 


For the saturated versions the driving circuit need only provide the base 
current required and a voltage output swing capable of turning the driver 
transistors on and off. Standard .T*L logic blocks are usually sufficient. 
If higher base current is required an open collector output device can be used \ 


efficiently. An example of both is shown in Figures 5.22 A, B, and C. 
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B. PRE DRIVER CIRCUITS 


For the non saturating switches either a T*L, ECL or a voltage translating 
Switch can be used. If T2L logic blocks are to be used, care must be taken to 
minimize the Miller feedback transients during the up level by maintaining low 
impedances or by using pull up resistors as required in the saturated version. 
ECL logic has the advantage of low impedance and a voltage swing sufficient to 


switch the driver transistors. 


If the write drivers are PNP and the head is tied to a negative voltage, 
then the type requires no base translation as shown in Figure 5.22C but may 
be connected directly if sufficient base drive is supplied. If the head 
centertap is grounded, then the bases of the write drivers need to be driven 
from a potential sufficient to keep the driver transistors out of saturation. 
This function is best performed by a current switch unless the storage time of 


saturated switches and their voltage swing can be tolerated. 


With the current switch Pre Driver both the impedance and the voltage 
swing requirements can be designed in. Figure 5.24 shows an NPN driver with 
a PNP Pre Driver. The -V ref is chosen to keep the Write Driver collectors 
(3,4) out of saturation during the head transient. The bases of the Pre 
Driver can be driven directly from either T?L or ECL logic blocks. This 
kind of circuit lends itself to large separations between the Pre Driver 
and the Write Driver wherein the impedance can be that of an interconnecting 
cable for termination purposes. The current in the Pre Driver needs to be 
large enough to produce the Write Driver base drive voltage swing required. 
When this circuit is worse cased both the Write Driver turn on and turn off 
requirements must be met but also the Miller feedback from the head transient 


must be allowed for. Lastly, the Write Driver base breakdown voltage Vber 
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B. PRE DRIVER CIRCUITS 


must not be exceeded. These equations are complicated by the base current 


requirements of the Write Driver. A set of equations follows. 


4 Vbw.D. + Isource, ( ou - Isource wag oe 
mi = 2 min (EQ 5.29 
min min? Bi min*! ae bt ) 
A Ybw.D 4 = eee ~ ;- + —}, Isource | Rnax (EQ 5.30) 
B,max + | max 2 B,max + | . 
Pry. max 1 pate (Veer —AVi rhe tas " Vo e mat ) C. pace ® Vie 
$$$ + Ea G-3! 
fp, +! ue PA. max ( : ) 
A Vow, K Vber (EQ 5.32) 
max | ~ 


° 


If more than one Write Driver is desired to be connected to a common Pre Driver, 
then due consideration needs to be paid to capacitance as associated with the 

RC of the Pre Driver load. One problem when driving long cables between the 

Pre Driver and the Write Driver is that both ends must be terminated in the 
characteristic impedance of the cable in order to absorb the transients associated 
with both the Pre Driver output and the Miller feedback of tthe Write: Drive. 

This will ensure quiet operation with no reflections. A network can be 

designed to drive multiple cables with their characteristic impedance at both 


ends. A circuit for doing this is shown in Figure 5.25 
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B. PRE DRIVER CIRCUITS 


Symmetry shows that half the impedance of a twinaxial cable or the 


impedance of a coaxial cable must be used for Za: 


de otis Se te ae Soot (EQ 5.33) 
0 
2 m +h +B | 


The voltage swing at the bases of the Write Driver will be a function of the 
two current sources as before (EQ 5.29, -30) but now R needs to be modified 
to include the effects of the network. This is best illustrated by considering 


Figure 5.26 when only one Write Driver is activated and the second is idle. 


- R 
«+ | 8 VR, sO + RR 
Va = I source, ——_—____— (EQ 5.34) 
1+ BAR, + Ry + 2R, 
he 


AV, =, (EQ 5.35) 


This is the base , to base | voltage with no base current effects from the 


Write Driver. 
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C. CURRENT SOURCES 


The current sources considered are those used to generate the write 
current. Several design requirements must be met. First the current source 
must be stable with temperature and supply voltages. Second the manufacturing 
tolerances must be minimized. Two circuits are considered here. The first.is 
the zener controlled emitter degenerative circuit of Figure 5.27. This is 


shown aS a negative current source. 


For this circuit to function correctly the voltage on the collector of 
Ql must always be more positive than its base. This prevents saturation. 
When the collector is connected to the Write Driver this means that the most 
positive base of the Write Driver must be at least two Vbe drops above the 
base of Ql. Notice that the Diode Dl is added to compensate for the Vbe of 
Ql over temperature. This is only true if the diode characteristics of both 
Q1 and Dl are the same and the currents are the same. Doing this is rather 
wasteful so a compromise is made allowing a degree of temperature compensation. 
The zener D2 is chosen for a sharp knee or at least a fairly flat zener potential 
around the maximum and minimum currents expected thru Rl. If the diode drop 
Vp1 is the same as the Vbe at the operating current then the current source 


is essentially: 


a Coe, ee (EQ 5.36) 
Ro \ or | 


Since this is fairly ideal we need to consider the whole circuit. The circuit 


includes the TL interface and Q2. 
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First we will saturate Q2 for a maximum of 25 ma. This will ensure that the 


zener will be operating well past tts knee. 


25.ma > - +Vmin - Vbe,max - Vsat, _ Vbe, max (EQ 5.37) 
P, Ib, R max R,min 


With Q2 saturated we can proceed to the input of Q1. 


. * 2 eS tor ot ) (EQ: 5.38) 


: may : 
pe R , Max BL Min 


The voltage at the base of Q, will be, realtive to the minus supply, as follows 


if we ignore the fact that the first term V2nin is contrary to V2nax used to 
calculate IZ mjp as given in EQ 5.34. 
V5 ‘ V2nin - Re min’ tz min? bs ig Rp min 2) min (EQ 5.39) 
Therefore the current source will be: 
I 7 VP min ~ YOC1max f 8imin = (EQ 5.40) 
source R i4 2 ~ Ry 
min 2max +P. min 


If this current source were to feed the Write Driver of Figure 5.16, then the 
actual head current would be reduced by the base current drawn by the Write 


Driver as indicated in EQ 5.20. 
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C. CURRENT SOURCES 


The maximum write current can be found as follows: 


+V -(V.)-vV | 
Ba cc a I meer) (EQ 5.41) 
max R min B, max 
Day = Vmax * Remax (“lz max) + Vp max * Roimax “Iz max? (¢4 Fat ) 
I = VDimax 7 Vb@imax B, may (€a 5-43) 
SOU eax R,min i+B, max 
The manufacturing tolerance (more than worse case) is then: 
Al = | ae | . 
source source max source min. | (EQ 5.44) 


It should be noted that several factors can be controlled by choosing both 
the zener voltage large compared to Vbe; and Vpi and using a temperature 
compensated zener with 1% or better resistors for R2. Also closer tolerances 


on the zener voltage Vz and the zener impedance Rz. 


Going back to the saturation curves of Figure 4.8, we can see reasons for 
a small delta I source when we are forced to use thick media where the 
Saturation curve rolls off. If we are using media where the saturation 
curve is flat above saturation then we can use cheaper wider tolerance parts 


for the current source. 


-- 6,22 


PUBLICATION INTENDED. ALL RIGHTS RESERVED. 


C. CURRENT SOURCES 


We can go thru a similar procedure if we choose a positive current 


source. 


The second type of current source is the current mirror. This circuit- 
finds favor if the whole is to be integrated on single chip. The circuit.of 
Figure 5.28 is a simple Wilson current mirror. The requirements for stable 
current are the value of R, and the matching of Ri, Re, Qi and Q2. Often the 
current thru Qi is multiplied by the junction area ratios of Qi and Q3 with 
due consideration for the periphery of the emitters. The function of Qz2 is 


to supply base current to Q: and Q3 bases at the cost of the error Th, : 


I I, 
Ip, ° Terror = ‘t+ be) (EQ 5.45) 
B2 


Current multiplication can also be achieved by varying the relative value 
of R, and R,. Since the resistors in integrated circuits typically have a 
tolerance of 25%, this means that some other resistor type must be used for 


R; or it can be laser trimmed as one manufacturer has done. 


Power dissipation for both types need to be calculated to ensure the 
junction temperature is not exceeded nor the devise forced into second breakdown. 
The output voltage is simply the conducting base voltage of the write driver 


less one Vpbe or Ve max. 


g . I, Vbe min 
P source = P(Vc max - Ve: min)I, ue (EQ 5.46) 
AAP p +] Bt | 


mag 
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D. DATA 


In most recording applications the Write Data is received on multiple 
lines which must be converted to serial form before writing on the media. This 
is easily handled by a parallel to serial converter under the control of the 
write clock. The output of the shift register, or serial data is then changed 
to pulses if the data is true, or no pulses if the data is false. These 
operations are shown in Figure 5.29 which includes a means of providing 
alternations of the input lines to the Write Pre Driver if used and/or the 
Write Driver. The alternations in input level provide the current switching 


which in turn provides the flux changes of the recording. 


The function of the ‘and’ block A can be modified to suit the code used 
for recording by the use of an encoder. These circuits will be coveted Water 
when we discuss codes. There is one other function that can be included in the 
Block A and that has to do with Pre Compensation. Consider for a moment the 
transition density curve Figure 4.3 and the interaction between transitions 
that cause the reduction in amplitude and pulse shift. When writing a data 
pattern there is not a constant density but discreet changes in density depending 
on the data content and the code used. The plot for bit shift or pulse shift 
included in the density curve was achieved by measuring the peak spacing between 
two adjacent transitions separated by long areas of no transitions. This type 
pattern can also occur in a data stream for some codes. If we were to write 
the transition in such a way that a pulse that is shifted early in time compared 
to its true position could be compensated for by writing the transition late. 
Similarly a pulse that is shifted late can be corrected by writing it early. 
Thus when this signal is read back the pulses are very nearly back to their 


true position. This is know as Pre Compensation. When a head - media choice 
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Dp. DATA 


is made for a particular machine design, compromises can be made that can increase 


the density beyond that safety obtainable by using Pre Compensation. Generally 
speaking for the FM codes Pre Compensation is advisable below a resolution of 
0.7 and definitely required below 0.6. The subject of codes is discussed later. 
The circuits chosen to implement Pre Compensation must consider any faratiel 
delays in the logic paths as any unsymmetry there will write bit shift. This 
can best be achieved by using logic gates from the same clip for all parallel 
functions. As we begin the design we need to determine the number of discreet 
shifts required. These depend on the code used and the transition density 
chosen. For example, one code might exhibit two levels of bit shift, * 5 and 

+ Ons. These are sufficiently far apart that it would be expedient to design 

a system that implemented the shifts. A truth table then needs to be generated 
that describes the pattern and the expected shifts. We will leave this function 
to the chapter on codes as the implementation of the code is done simultaneously. 


This will suffice for the present. 


We have now completed the blocks used for writing with a single head. There 
were many blocks described for each function. How they are put together and 
which block is chosen depends on the power supply, biasing, bit timing vs. 
circuit delays such as saturated transistors, intended cost goal, and the 


head - media interface magnetically and electronically. 
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READ CIRCUITS 


Referring to the block diagram Figure 5.1, locate the Read Pre Amplifier. 
This particular block determines the basic signal to noise ratio of the 
machine. It also provides the functions of signal amplification and impedance 
change. When reading a head signal which is the result of the st of the | 
recorded transitions the windings of the head are connected to the Pre Amplifier. 
The amplifier also has some input capacitance and some input resistance, Zin. 
Since we are concerned with a maximum voltage at the Pre Amplifier input for 
voltage amplifiers, the concept of impedance matching is incorrect. We must, 
however, properly damp the RLC network as previously discussed such that we 
have a zeta of 0.7 for a maximally flat bandpass. Now R and C of the head 
adds appropriately to the Zin and Cin of the amplifier and must be included 


in the calculations. 


> 


Single ended amplifiers, which most engineers are familiar with, have poor 
common mode rejection meaning that for any ground shift voltage, power supply 
voltage noise, or magnetic and electric field noise coupled into the signal 
leads the amplifier will treat them as if they were signal. This is 
disastrous for high speed magnetic recording. For this reason all wide 
bandwidth read amplifiers use the differential connection as illustrated in 
Figure 6.1. Differential amplifiers have excellent common mode signal rejection 


and common mode power supply noise rejection. 


The differential connection itself needs some basic understanding. Head 
Signals are usually referred to in volts, peak to peak, Differential. This 
means that the voltage across the two inputs or outputs is measured between 
the two inputs or outputs as a Peak to Peak value. An oscilloscope is the 
usual measuring instrument. The usual oscilloscope set up is A - B for the 


two inputs. 
7.1 
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READ CIRCUITS 


If we measured 2 mV PP differential signal between points A and B, we 
would then expect to measure 1.0 mV PP between point A and ground also from 
point B and ground. This is referred to as 1.0 mV PP single ended. (S.E.) 
The term "differential" means the difference in voltage between terminals . 
A and B. In Figure 6.2A we can see that the voltage difference between 
terminal A and B at point C is +0. 5nV -.(-0.5mV) = +1.0mV (EQ 6.1). 
Similarly, at point D we measure -0.5mV - (+0.5mV)=-1.0mV (EQ 6.2). 


The resultant waveform would be a voltage with an amplitude of 
1.0mV - (-1.0mV = 2.0mVpp differential (EQ 6.3). We could look at the 


following relationships. 
emV PP diff = lmV PP SE = 0.9mVR5 SE (EQ 6.4) 
where S.E. is single ended, and B.P. is base to peak. 


We could add to the complexity and say that this Signal is 0.70/mV RMS 
Differential or we could say it is 0.3535mV RMS single ended. 


With the above background we can now talk about the amplifier itself. 
The parameters we are most concerned with are high gain, wide bandwidth, low 
noise, low output impedance, and high input impedance with a differentia! 


connection and high common mode signal and power supply rejection. 


The input signals are typically in the low millivolt to microvolt range. 


This immediately requires that the amplifier noise referred to the input 


must be considerably lower than these levels. For example, we require an 


amplifier that has a Signal to Noise ratio of +30 db, meaning 


“> 
20 log N = 30 db (EQ 6.5) 
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READ CIRCUITS 


For an expected 1.0 mVPP signal, S, we need to first convert this to 


.3535 mV RMS differential. The noise limit can then be calculated from 


0.3535 mV_RMS 


Antilog 22 «= 31.622 =— = | 
20 N N | CEO 6.6) 
N = —3839 MV RMS _ 41.17 micro volts RMS Diff. (EQ 6.7) 


31.622 


If the amplifier gain were 100 then we would expect to measure 1.117 mV RMS of 
noise at the amplifier output. The amplifier input impedance and the source 
impedance play a dominant role. There are two sources of noise to consider, 
First the voltage and shot noise, meaning with the inputs shorted together we 


would measure an output noise equal to this internal noise voltage source times 


the amplifier gain. The second noise source is a noise current. To develope a 
Weleage we simply multiply this] noise times the input circuit impedance. In our 
case this is an RLC circuit; therefore, we would expect it to vary with 
frequency. There is a third noise source called noise, but as this is below 
a few cycles and most magnetic recording occurs at much higher frequencies, we 


can effectively ignore this noise. 


If the head were purely resistive then we could add the two noise sources 


as the root mean square: 
K | Vn*+ JnR~ = K effective noise} (EQ 6.8) 


where K is the gain of the amplifier and R is the resistive head. 
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READ CIRCUITS 


This becomes complicated as we use the true head. impedance. The noise is 
no longer white noise, but is coloured by the reactive head, Figure 6.4. Generally 
we connect the headand measure the noise as a total noise instead of trying to 


separate the various types of noise. 


We may choose a commercially available Pre Amplifier or we may design our 
own. The Fairchild wa/33 is one that has desirable characteristics. Flexible 
gain, reasonable input impedance, fairly low output impedance, very good 
Common Mode Rejection Ratio and about 12uV of noise measured in 10MHZ bandwidth. 
The amplifier bandwidth is around 70.MHZ. A variation of the jia733 design is 
the Signetics SE592. The basic difference is in the use of a pair of current 
sources instead of a single source supplying the first stage. The basic 
connection is a common emitter differential pair driving a common emitter 
second stage with shunt feedback. The output stage is common collector. 

These two commercial devices will suffice as long as the head signa! is 

several mV minimum, and the head impedance is low. When lower level head 
signals are involved, then a better amplifier is needed. There is another 
connection that might be better and that is the cascode stage. Here the 

input impedance is about the same, but Miller feedback is considerably reduced. 
The shunt feedback connection does reduce the Miller feedback from that of 

a straight gain stage using a common emitter circuit. Compare these circuits 


in Figure 6.5 thru 6.7. 


The low noise is achieved by the use of transistors that have very low 
base resistance rib. A selection can be made based onyib, breakdown voltage 


and Fy. If desired, the amplifier could be designed and integrated as 
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an IC using the design rules for the pertinent parameters. 


We will design several Pre Amplifiers here in order to show the method, 


considerations and procedures. 


The basic amplifier will be done first; see Figure 6.8. Simply, the 
input impedance differentially is equal to 2(Ie + Rm) B cE (EQ 6.9). 


There are other considerations involving the collector, but we will ignore 


oR 
those. The output impedance differently is 2 + Fe. + Rm) (EQ 6.10) 
Fe 
‘ a oe Das 
The gain differentially is ee or peas 
2(re, + Rm) Te, + Rm, (EQ 6.11) 


where Te is the emitter resistance, Rm is the bonding resistance internal to 


the transistor. 


These simple equations suffice as they will give us the true value within 
a few percent. If we have chosen a transistor with sufficient Ft, then the 


bandwidth will be determined by the Miller effect and any stray capacitance. 


The Miller effect is worse if the input source resistance is large and 


less if it is low. fhom FUG &-F 


(EQ 6.12) 
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substituting and rearranging we get: 


: _ few tet as , | ( 6. 14) 
in ~ kFe+ Bm) (Re + Rs rs Ry Fe teat 


If we allow Rs + 0 then we-have the case of zero input resistance which is 


close to the case of. being driven by an emitter follower. | : 


Vy =f ce Ae Co +h 
WP ee ee i Ke ka? 2 € 
Ap an set} Re (CS) ra a a B 
S$ > 0 ee ee ee, (EQ 6.15) 


re 1 
(Te + Rm)(R, + CS) + Ry 


; | 
If the frequency is raised so that = = Rr in magnitude, then the equation 


reduces to: 


R27 ‘ R/ [ Ci Cs a 

a. ae (Releslt (EQ 6.16) © 
re + aN) + Ri ‘ 2(re + Rmy +1 K . 

which indicates that the true -3db point for the zero Rs case is slightly 

lower than where [xc | = R, 


The whole object is to show that as long as we use the circuit of Figure 6.8, 
we will not get good bandwidth even if we drive the inputs with emitter followers 


in order to reduce Rs (Figure 6.10). 


Notice also that the bandwidth reduces quickly if RE is large. This may 
be acceptable, though, so we will finish the design. The current source and 


the dynamic range needs to be considered next. The power supply +V can be 


7.6 
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determined from the current source 


V _ ~Igo6urce f, \f 8 (EQ 6.17) 
mae Wo agama 7 


In order to get sufficient reverse bias on the collector junction, we can refer 
to the transistor plots of constant bandwidth as a function of Vcg and Ic. 
Choosing the Vcg for the best bandwidth, we only need to assure ourselves that : 
the negative output signal swing which is the input signal times the gain cannot 


saturate the collector junction. 


de cts SF go ; / Re 
i Vin max pp sp << (Isource) T+g RL +, ~All. Vite, (EQ 6.18) on 


“and” Vin*Mpe << (Posaaea) ; oar RL (EQ 6.19) 


Abin jes QO 
If these three equations are satisfied in the worse case, we have established 


the +V level. For example, using the parameters below determine the values 


required using the circuit of Figure 6.10. 


8 = 70 Min 
Fy @ 2.ma = 400 MHZ 
Cob = 5.PF 
Vin max = 10.MVoe pitt 


F sig max = 5.MHZ 
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First we will design for.a bandwidth of at least 50 MHZ so that we have 
control of the phase over a manufacturing run. 

With an emitter follower input we can assure that Miller effect is small 
therefore the roll off is approximately when [Xe] =R. Notice that we have 
several capacitors in parallel Cop of the amplifier, Cob of the emmiter follower 
and some Cy, of the emitter follower plus stray capacitance. | 


C. =2C)) + Cy, + Ct #10 + 3 + 5 = 18.1 ¢ (EQ 6.20) 
assume 20p¢ 


l l 


Xe = = 7 = 1.59x10? 2 (EQ 6.21). 
mpc (2m) (5x107 )(2x107! 


Therefore Ry cannot be greater than 150 2 


At a current of 2.0 ma per transistor we need a current source of 4.0 ma. 


The gain of the 2nd stage is approximately 


R 
—t 150 fa 6.22 
A, = re+Rm = 26 + 5 = 8.333 
oma 
The V swing across the Re is 
Vingp 1omv oe 
V = A, = 8.333 = 41.665 mv pp se (EQ 6.23) 
RL 2 o 2 
pp 

The max DC capability of the output V swing is 

(1.)(R,) = (4.ma)(150 ) = 600.mv pp se (EQ 6.24) 


which is well @60v2 the 41.665maV expected. 
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We need about 5 volts reverse bias on the collector junction as the Vcc 


needs to be greater than 
V “Vy = Vp 2 SV (EQ 6.25) 


V.. -(-0.75V) - (2.0ma)(1509) = 5.V 


Vee > + 4.55V 


to allow for worse case conditons let us choose 6.0V for Vcc. - 
The output quiescent voltage is then (nominal) 


Ve, - Vbc, = 6-0, - (2.0ma)(150q) - 0.75y = 4.95v (EQ 6.26) 


2 


If we choose the negative supply as -6.0v then the current source if a 
7 


: resistor should be (nominal) 


2V of 
R= [2V be -6.ovl_ [i.5v-6.ovl | 1 128Ke (EQ 6.27) 


21. 4.0 ima 


Similarly we can calculate the input emitter follower resistor for a 


2.0ma current as (nominal) 


[Vbe - 6.0V] = 10.75 - 6.0! = 95 gon (EQ 6.28) 
R. = 2.Oma 2.0ma 


The output emitter follower can only be calculated if we know the impedance 
we will be driving. Let us assume we will drive a 300n load. Our output swing 
is 41.66 iiV,,). This requires that we be able to pull down the emitter voltage 


such that it can follow. 
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Vo pp 41.66 mvpp 7 
Foon O~SCO 2388 ma cane: — (EQ 6.29) 
O° eo ne ee, oe 
(Con) eft - (Vi a. eee eZ 


17 3 . oe eae ae Pe IC x. oR 
Output capacitance will increase this value. - fildse dt, [sa,t)' ee 


7 


=o = : I Ps, 
We can provide this current easily with our 2.0 ma sources oe aa ae 
Vo - (-6V) = 4.9v + 6.0 7 
Re Oo oa OC a Oma. 7b 45K, nominal (EQ 6.30) 


The true gain is not the 8.33 of EQ 6.22, but is modified by the two emitter 


fol lowers. 


The gain is approximately 


Ro Re 
—“2— (3,333) otk (EQ 6.31) 
Yc.+ R fe, + RoRe 
aS > Rot Re 


(5.45K) (0.5K) 
2.625K | — §.45K + 0.5K 


(8.333) : 
26 + 2.625 26 " 5.45K) (0.5K 
2 2 5.45K + 0.5K 
(.995)(8.333)(.972) = 8.059 | bEQ 6.32) 


A The above was done to show the attenuation of the other stages and in practice 


you will measure very close to this. 
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Let us look at the effect of the current source resistor. If there is a 


1.0 Voltyy noise signal on the input, then we would expect the output 


quiescent voltage to vary. 


¢ 


It would be 
_ 1.0. : 
Ne = Ral = (1502) = 0.1333 volts (EQ 6.33) 
1.125KQ 


Depending on the balance of the circuit we would expect some of this change 
to appear in the output as a differential signal. Assume the balance was 2% 


off then the output would contain 2% (0.1333v) or 2.666 mV noise. 


If our minimum input signal were 1.0 mV then the output would be 


8.059 
(8.059)(1.0 mv) = 8.059 mv with a 2.666 mv noise for a -/N of ogee = 3.02:1 (EQ 6.34) 


which is disastrous. 


Well, what can be done? There are several. One is to provide the best 
balance in both transistor parameters and resistor values, and second to make 
Ri a current source. Now the current will not vary with noise and the current 


balance is optimized. A current source is shown in Figure 6.12. 


The current source is calculated as follows:: 
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Notice the placement of the capacitor C. This is positioned in order 
to reduce noise across R, which determines the actual current. I¢> value 
is high enough so that the lowest frequency component of noise is sufficiently 


attenuated. 


The second current source type is shown in Figure 6.12B. It is basically 


a Wilson source. 


Now we have got a very good idea of what the nominal case should be. 
We have no idea of what will happen worse case. Let us pursue this as it is a 
very important consideration. Worse case is always figured to use the various 
parameters in the direction that emphasizes the calculation in the direction — 


desired. 


The minimum value of stage current (non current source version) is obtained 


by modifying EQ 6.27. (use 5% values) 


© £2 vemax - Ve min! | L (2)(0.80v) = (-5.7v)) 


min R max 1181 2 (EQ 6.36) 
= 3.471 ma instead of our desired 4.ma 
This includes the temperature effects on Vie. 
Similarly, we can calculate the maximum current 
l-2 vi. min - V_ max! |-(2)(0.7v) = (-6.34v)l 
I % = 
max R aie 1068 2 
= 4,588 ma (EQ 6.37) 
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The output voltage variations are complex. We will take the straight 


forward case first. 


sa | max R, max — V 
VG min ~ “comin — | 1+, min L pene 
ee 3 ; 
=5.70v — 4.588 ma} /__ 300) |) _ _s max __ 1570 _ 0.8V (EQ 6.38) 
2 1 + 300 1 + 300 ; 


Notice that I, max really depends on Vi min, therefore, the current is not the 
true maximum at all but less. We can best calculate a usable value by assuming 
a straight 2 ma for I,and ignoring the fact that it is worse than worse case, 


but this is acceptable. 


5.70V - (2.286 ma - .006 ma)157% - 0.8V (EQ 6.39) 


Mp min 
= 4,460 V 
Similarly we can obtain V, max 
Veena = Veatian 1 min oe 13min Ba od 
ee l+g, min} 1+8, max Een “be, ve 
7 
1/ 3.471 ma 70 2.0 ma | ‘ 
= 6.30V - , 1+70/7 1¢ | 143 - Q.70v 
= 6.30V - (1.711 ma - .028)143 - 0.70v 
= 5.36v (EQ 6.40) 


There is a 0.9v difference between the two worse cases meaning that in 


manufacturing we will see this spread. 
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In actuality it is worse than this because we cannot buy discreet transistors 


with Vbe's so well matched. Let us look at the Ic current again. 


For this we need to refer to the Vbe vs. Ic curves as well as the 


spread between devices. This spread can be as great as a tenth of a volt at 


these currents. The unbalance then becomes, 


a a > 4.41 ma (EQ 6.41) 


This means that one transistor is drawing almost al] the current and the second 


is nearly cut off - drawing only 


4.588 - 4.41 = 0.178 ma 


The amplifier is useless to us if built out of discreet transistors. Now do 
you see the advantage of doing a worse case analysis. We can modify the circuit 
to force current balance by employing two current sources of half the value and 
adding a capacitor of a suitable value between the emitter as shown in 

Figure 6.13. Now balance is restored, but at the cost of a zero and Pole in 


the gain equation (6.42) for low frequencies. 
R 


A= ret Rm+ 1 
cs 
R, ¢S 


C(re + Rm) S +1 


(EQ 6.42) 
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pat 


The gain curves #& shown in Figure 6.14. 
Usually for a low voltage low current stage we do not need to worry about 
the power dissipation of the transistors, but we will] calculate those values 


anyway. This combination cannot occur but it will assure us that we are safe. 


Pw max ~ (I, max) V _ 
\ 2 
4.588 ma naX_ - _|f 4.588 ma¥B2max \ 1,} : 
= 2 1 + 8, max Yoo maxv>emax 2 1+8 1+ 63 R. : 
2 Pena maxy min 
= {4-588ma} | 300 |) 6 sy + 1.6y - {{4:288ma| | 300) . 2ma 
2 301 9 301 301}; 143 
(2.286 x 10°°)(6.3 + 1.6 - 3.26 x 10°.) = 17.314 mW (EQ 6.44) 


fo 
. 
i" 


For a transistor that has a derating factor of 1.7 mw/°c this amounts to a 


17.314 mw 


= 10.18° C rise (EQ 6.45) 
1.7 mw/ 0c 


The two worst resistors are R, and R,. These are respectively 


ee ‘ 2 
(I,max)(Vp max) = (1-2 vos ain =U aaall* = 22.48 mw (EQ 6.46) 
1. min , 


and 


(16 max) (Vp max) = (7, max * Ye max)? 
Re min 


2 
(5.36V + 6.3V)" = 26.26 mw (EQ 6.47) 


9.177K 
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This completes the design except for the noise. This circuit is quite noisy 
for several reasons. First the effective noise voltage source resistance rip is 
twice due to the emitter follower input rj, used to increase the bandwidth and 
the regular gain transistor input source resistance rj}. Second, the gain is 
only 8.03 which is not enough to ensure adequate Signal to Noise ratio into the 
following stages. Third, the common mode power supply rejection and common mode 
input signal rejection is very poor. All this adds up to a poor choice. Some 
degree of immunity can be achieved by using transistors that have lower Cob and 
using current sources and an emitter capacitor. These 3 changes improve the 
design and permit higher gain. The capacitor could be eliminated if the circuit 


weve integrated where Vbe matching is typically better than 5.mv. 


A much better circuit is the cascode amplifier. We will discuss this 


next. It is easily integrated. 


Transistors 5 and 6 are the current scources. The current is fixed by 
Ro and R3; with R;. Transistors 3 and 4 is. the first stage. Its emitter 
feedback is thru C and its load is r, of transistors 1 and 2. ‘Then transistors 
1 and 2 provide the gain where their load is Ry and Rs. The output stage is 


transistor/and 8. 


The advantage of this circuit is that the gain of the first stage is one, 
therefore, Miller capacitance is only 2(Cob). “This devise can be made large 
in order to ensure rip is small therefore low noise. Bandwidth is determined 
by R, and Cob of transistors 1 or 2 and these can be made small in order to 


reduce Cob. 


Let us proceed as we did before and start with the value of R, and Rs . 


From 2N918 transistor data, 7.16 
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Th 62 Cob 


uu 
— 
tO 

Oo 
~“h 

=) 
mn 
< 


F. 1.2 GHZ 


| a : | (EQ 6.48) 
; X = i) 
2m Faw(Cob: + Cob7 + Cs) 


eee i 


50.MHZ(2r)(1.9 + 1.9 + 3) pF (5x107) (2m) (6.8x107%) = 4.68x1072 


use 450 Rr nominal. 


R ~~ 450° has | 
Gain A, = ——e— = —29° =. 25 nominal (EQ 6.49) 
re, + Rn, at 52 | 
26 | 
p rr 
Gaina, = o> fm. 2 245 -£ 1.900 (EQ 6.50) 
rap + Rm +5 


Therefore the total gain is (25)(1) for the same bandwidth. 


Next we will calculate the current sources for 2.0 ma each using our + 6V 
power supplies letting R2 and R3= 5000 each. 
Vs Rs = 2(2ma.) Re Rg : 
Ro+ RR; Btil RatR, ‘be’ 


Sg a a EQ 6.51) 
R, 2.0 ma (EQ 


(6.0) (500) (4x10"* ) : 


2x1073 


= 3 - 6.622x10"" - 0.75 
2x107° 


= 1.12KQ 
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Notice the effect of the R, R,network as a result of base current; it 
reduces the effective base voltage. This is why we used 500Q each. If we 
chose a value to save current then the loss could be substantial in the worse 


case analysis. 


The output voltage, T, becomes an interesting function of all the series 
i 


bases and the output base. 


Vy = Vee - Ry(Ip )(1 - (3 - 1) - "be. 
B+ 


6V = 450(2.0ma)(1 —_ - 0.75v = 4.362 Volts (EQ 6.52) 


The value of R,_, for the same 2 ma of current simply is, 


V, Fy 4.36 + 6.0Vv 
Rey = O55" 18K 22 (EQ 6.53) 
2.ma 2.Oma 


And lastly, the value of Re should be such that the variations in base current 


of Tx , and, do not disturb the voltage. 


Choose Iq of 6 ma then 


Vz. 7 2V. 6.0v - 1.6v | 
Re = BOC fa pee, 7332 (EQ 6.54) 
6.ma 6.ma 


Now we could look at the bandwidth of the first stage collector. Since 


A, = 1 the C effective is = 


(1 + A)Cob = (1 + 1)Cob = 2 Cob = 2(5,¢) = 10.p¢ (EQ 6.55) 
we Ss _ = 1.22 GH 
2r RC 8 2 88 a 
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or not worth bothering about except for the effect on the imput impedance Zs. 


For a 5 MHZ signal into our head circuit, we get the following due to the 


differential connection. 


If we choose a typical head with L, = 10 wh, Cy = 10. nF and Cob = Spf» 


we can calculate R. 


1 Dik sips He OG Bod 2 
1 1 : 
CR = 2 TWh - + R= C2 2W and Wy = ec, 
Scene Serene 
Wn == “Y¥(10°°H)(1.5x10F) === 8.165 x 10” rad (EQ 6.56) 
= 1 . a 
Se a ee et ee Pt ee 
(1.5x107") (2) (.707) (8. 165x107) (EQ 6.57) 


At 5.0 MHZ this then becomes an attenuator a of the input circuit. 


(R)(-4Xce) (577) (-42.122K) | 
a = R-jXc = _ 577 - je.leok = 9.644 £5,48° (EQ 6.58) 
y 4 Re-iKe) any. 4 (577) (-J2.122K) 
L R-jKe 577 - j 2.122K 
where Xe = Seapets = 2.,122KQ 
m5 MHZ)(Ch + 2 Cob) 
Xr, = 20 (5 MHZ)(10~h) = 3.14x10°Q 


This value of attenuation is better than the case where Miller effect 
is large which in turn both lowers the resistor value to keep { the same, but 


also increases the capacitance which worsens the attenuation. 
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We could complete the design by doing a worse case analysis for gain, Vo, 
Power dissipation, and dynamic range, but we have already done that. The use 
of the cascode stage only adds a slight complication yet permits a low noise 


design. 


The amplifier noise contribution can be calculated from the following 
equation: 


| io ; 1 1 
Vij diff = 2 aK Bw) (rap + ? gm) + 4 Lsy 1,8. (3° + =) (EQ 6.59) . 


. 0 ; 
where K is Boltzman's constant, T is the temperature in Kelvin, Bw is the 
Bandwidth of interest, Yr; 1S the base resistance (base thermal noise), 

l 1 
gm = fre is the collector transconductance (Zgm is the collector shot noise), 


Zs is the Head impedance, 9 is the charge on the electron, I, the collector 


i l 
current, B the Base current shot noise, and 8*(F) the collector current 
noise. The function of frequency is that obtained from the usual noise - 
frequency curves. If the amplifier bandwidth is much higher than the frequency 


of interest, we can use the value of 8° unmodified. We will address this again. 


Lastly, we should consider the two commercially available amplifiers. 
In using these amplifiers great care should be exercised in adhering to the 
specifications. For example, to rely on the typical specifications is to 
invite trouble during a manufacturing run. As is done in worse case analysis 
we use the parameter in the direction that accentuates the result. When using 
the u€733C, the gain at the 400 setting can be anywhere between 250 and 600. 
To calculate the worse case for a minimum input signal we would use the gain 
of 250 and when doing the maximum input case we use the maximum gain of 600. 


Now we know what our true output variations will be. These then should be 
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considered against S/N ratios for the low gain low input case and against the 
linearity specifications for the high gain high input case. Assume our minimum 
input signal is 0.5 Mop diff, and our maximum signal is 5.5 MV op diff. The 

S/N ratio is calculated from the input noise data. But the manual only gives 

a typical value. We could guess that this value might vary + 6db and use. that in 


our equations. 


First we must covert the 0.5 mVpp diff to RMS diff by dividing by 2V2 
to give /-767 xl0-*V RMS diff 


the S/N = 6767 x10-"V. aa eg = 7.365 (EQ 6.60) 
(2)(1.2x107°Vime diff) 


in db it is 20 log 7-565 =77, 3¢¢db (EQ 6.61) 


This value is very low, therefore, another devise is indicated that has 
a lower noise or a narrower bandwidth of interest. Similarly for the linearity 


case. 


(Vsig max) (A max) = (5-5 mV)(600) = 3.3 Von gig. (EQ 6.62) 


This value exceeds the minimum output voltage swing into a differential load of 
2.K2 by 0.3¥. Again the devise is not suitable. Now these two examples were 
only given to emphasize the parameters of interest that we should concern 
ourselves with. As Tong as we use these parts within their specifications 


we are assured of good performance. 


What is the value of input signal that guarantees 30db S/N at 10 MH Bandwidth? 


min 


Vin. = (2)(antilog 32)(1.2x107 v) (2) V2 ) = 2-146 Won ai¢e (EQ 6.65. 
Pp 


7 wel 
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If we restricted our Bandwidth of interest to 5 MHZ then we could wé 


signals theV2 lower or /5!7 mVpp. 


~ /Bwof interest _ /5.MHZ 4 
Bw given = Vto.mHz = 9-707 = yr (EQ 6.64) 


Another parameter that requires attention is the offset. At the 400 gain 
setting, the maximum output offset is 1.5 V which must be subtracted from the 
dynamic range as published as output voltage swing. Going back to our example, 


what is the maximum input signal that we can accept and still use the devise at 


this gain. 
(Yonp min - Voffset max) (3.0V,,, - 1.5) 
Vin. max = = = 2,50mV EQ 6.65 
PP A max 600 Vp (EQ ) 


From what we have discussed then for a 30 db S/N we need 2-I¢ mVpp min 
to input, from the maximum input we are limited to only 2.50 mV or 


ho Close for the restrictions we have placed on the circuit. 


Lets look at this againfor a gain of 100. Again the noise of EQ 6.63 


holds. The Vin pp max needs to be calculated at the new gain using EQ 6.65. 


3.0 Vp - 1.5Vp 
- pp : 


which is much more sensible. Now we have at our disposal a dynamic range of 


21% mV to (3-6 mV that is guaranteed to meet our specifications. 


_ When using the SE 592 there is some improvement in the specification 
for offset. This is due to the dual current sources used in the input stage. 
This can be taken advantage of to increase the input dynamic range from 


the last example to: 
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Vin, max = {20> 9-75)- 20.45 mvopdiff (EQ 6.67) 
PP 110 ' | 


We will need this feature in a later chapter when we are dealing with 


considerable offsets at the input. 


Some improvement in the output swing at lower than 2K output loads can 
be achieved on both devices by providing more pulldown current at the output 
emitter followers. This must only be done within the limitations of the 
output emitter followers current handling capability, the alteration of the 
quiescent operating point due to the increased base current requirement and 
the power dissipation increase. This output pulldown current can be supplied 


either from a pair of resistors connected to the negative supply pin or 


from a pair of current sources. 


These two devices then when used within their specifications can perform 


quite well as preamplifiers. 


One added feature of the SE 592 is in its use of external feedback 


elements that can perform network filter functions. 


A second requirement for the pre amplifier function is to interface 
with the following functions. If the pre amplifier, Read, and following 
amplifiers are very close then the emitter followers provided in all the 
examples given so far will suffice to isolate the collector load from 


any following capacitance which is its purpose. 


In most cases however the pre amplifier is mounted close to the head and 
any head moving mechanism such as actuators, linear motors, etc. In these 


cases the output emitter follower is not adequate to drive any intervening 


cable. 5 23 
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For example, if we expect a 3.0 V less offset pp differential signal 

maximum, and we want to drive this into a 928or 502 coaxial cable pair, each 
cable must carry a 1.5V5, SE less offset/2 signal. At 922 Ly terminated at 
one end we need a current drive capability of over * 8 ma. For best linearity 
an emitter follower should have over 10.ma current load. This can be provided 
by a second emitter follower capacitively coupled to the cable. A transistor 
should be chosen to handle the voltage, current and power dissipation. The 
function can also be provided by a common emitter amplifier with the collector 
loads equal to the cable impedance. Both circuits are shown in Figure 6.17A 


and B. 


In Figure 6.17A we need to provide a 922 coaxial cable with a maximum 


of 1.5V pp SE signal. (Use 5% tolerances) (EQ 6.68) 
Ved min ~ “be max + I v= [min 2.0V - 0.80V+ 6.7V 
Re max = 1.5 Vop se max = eb = 402 2 max 
Z min 87 .4n 


to allow some margin for linearity we need about 10% less or about 360.2 max. 
The value of C needs to be large enough to handle the lowest frequency FE of 


interest without attenuation 


1 
Cas ett 
et (27) (10) (FL) (Z,) (EQ 6.69) . 
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The maximum power dissipation in the transistor is 


> oNiase te —— max | 
mae B as benay +V, max - Vin min (I,) +e Bmax (EO 6.70) 
and I, _ _Vin min - Vy, max + lv. {max (EQ 6.71) 


Re min 


substituting we get 


p 2 | a! | 2.0V - 0.8V + 6.3V| | 300 
w max 1 + i 0.80V + 6.3V - 2.0V 3240 1 + 300 


117.7 mW (EQ 6.72) 


with a T018 can transistor with 1.7 mW/ °c thermal transonductance 


_ we would get a= 117.7 mv 


= 0 < : , 
me VAT. 69.2° C rise at the junction. (EQ 6.73) 


The second circuit, Figure 6.17B is designed as follows: 
The single current source required needs to supply, (this includes 10% margin 


for linearity). 


V; 1.5V 
1.1 | OPP mex) 2) —14.1 5 18.8 ma min (EQ 6.74) 
Ls Qmin 87.4 


If this current source were a resistor to + 6v and Vin were +3.0 Vmax then 


that resistor would be 


V+ min - Vin max + Vbe max 5.7v - 3.0v + 0.8v 


Reng = 18.8 ma = 18.8 ma 


186.1 £2 (EQ 6.75) 


The true resistor will be 5% less or 176.82 


PUBLICATION INTENDED. ALL RIGHTS RESERVED. 


READ CIRCUITS 


We had best use a current source and we would get better results for 


CMR performance. 


We next need to calculate the resistor R,. If we design for a gain for 


the stage of Lion then 


7 | 
Rm + ret Ri =2, Re = 922- =—- = 5SQ = 85.79 (EQ 6.76) 


nom 20.ma 


Notice that we could ignore r, + Rm as they are small compared to Re. If we 


did we would only be off a few percent. 


The same stage could be designed with two current sources of half value 


with a single resistor of 2 R, between them and still get the same DC and AC 


results. But if the current were supplied by resistors, then the gain equation 


is modified and the CMRR would be considerably degraded. 


We next need to verify that the transistors will not be saturated. If 


we had a 3.0V min input DC and a 1.5V max AC pp signal SE then the base will 


be 
| V 1.5V 
— _AC SE max = cian See = 4 e 
VDC sn : 3.0V 2.25V min (EQ 6.77) 


The collector swing is the maximum current times the Z, max or | 
(20.0 ma)(96.62) = 1.93V (EQ 6.78) 


this leaves us 2.25V - 1.93V = 0.32V of margin worse case. 
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If we were to use the ua 733 or SE 592 the Vinne would range from 2.4 
to 3.4 volts so some restrictions would need to be placed on the maximum 


output V swing to avoid collector saturation worse case. 


If we used 502 coax cable all the currents would need to be increased 


Also 1F wl WTEMO 8 TEAMUIVATLUE TUE CAGE AF Born Fut THWE CUBE IT 


accordingly. 
| wil MELD CL3EthecTow. ( Sie CO 6178 Ry, asoev ) 


AMP GAIN RESISTORS 
A better cable is a twinaxial cable. It consists of a shielded 

twisted pair with good control of Zp. The impedance is listed as ohms 

differential. For our 922 coax case, they could be replaced with a 1840 

twinax cable with all the equations for current ect remaining the same as 1842 

differential equals 922 single ended. Normal twisted pair is around 1252 

requiring increased driving currents for the same signal swing. The Z,, of 


the calculations is 4 the Z) of twinax cable. (4 biga- 8 ) 


We will leave this exercise up to the student to worse case the design. 
The main benefit of twinaxial cable is its inherent balance. This is required 
for phase balance as well as amplitude balance which maintains the Common 


Mode Rejection of the system while reducing noise pick up. 
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ADDENDUM FOR CHAPTER 6 


A separate series of preamplifiers are used in the tape drive industry. 
None are presently used in the disc drive industry, although some thought has 
been given to their nee The preamplifiers considered are the common base type. 
This type can be made true differential by driving the centertap with a single 
current source or by capacitive coupling and a pair of current sources. The 


interposition of the diode matrix forces this type of coupling due. to the large 


offset voltages. 


Figure 6.18 A thru C show variations of the same basic type. The gain of 
these stages is not much different from the gain equations previously given. 


We will develop this equation. 


XRp is the total number of series diodes that would be used if a matrix 
were required. It is for this reason that this type of Preamplifier is not 
used in the disc drive industry. Also the noise contribution of each diode 
Should be taken into account. The gain is a function of the head impedance. 
Whereas the attenuation of the head circuit was previously considered, it now 


shows up in the total gain of the amplifier. 


Deriving the gain equation as EQ 6.79, we can see the total effect. We 
will not include a damping resistor as we do not need it because the amplifier 


load is high (2r,). From Figure 6.19 we get: 


| 
cs Xe 
t , — Ger Voy aiias 
: , 
() ch Rs 
, (Ls+ So ) 
ae a Ry where Rr = 2XMy+ ee 
| (EQ 6.80, 
Vase : Vig 
= = - S ml 
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which becomes | in the standard form: 


u 


; Vier) Wn : (EQ 6.81) 
‘“6) Ras Re. ees ee ) 
Hou Voy AR, Cinng XK (EQ 6.82) 
A Vogy i > ; 
6 a = es 
2 TO Vow ty) Ky ( 5+ 2 js wn") (EQ 6.83) 
where. Rr = 2X Ry 5 WA ve = 2 (x Ry + fe) 
We could cancel out the two's then to get 
K. iva ox , : 
_ $$ (EQ 6.84) 
Ay = [Keen or alos er) e 


which would be the single ended gain which is the same as the differential gain. 


: _ 1 
since 24M, ~  RpC™ we can see the effect of the series diodes and the 


input resistance 2re of the amplifier on the gain. The gain is inversely 


proportional to the matrix diodes added. 


If we were to damp the circuit for a zeta of .707 for maximally flat 
current input and/or gain as a function of frequency we would need 


| | (EO 6.85) 


Ree, => 9 jw. C7 (leaiaY imc ) 
If we had a 10 ph head with 25.PF capacitive load, we would require 
VM jo 6 2.5K9" eaten 
_ = 7¢ 7 ok, 
Ky Ieee (2:5x0"") | — (EQ 6.86) 


Obviously this would cut down the gain available considerably. 
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Rr = KAR tle = 13,4 (3a 


If we restricted ourselves to 3 ~- then 
the Bode plot as shown in Figure 6.20 is obtained. 
we j >a ( : 
Vixec/ ~¢€ Ze 5 ; 
P ~ xac ~ Uae) ~ + Ze seaurmet, of pacactna 6EQ 6.87) 
2 
~ tb) ad 
Y dlor] -—¢ TZ EQ 6.88 
D, ee Be Site tls st = [5 36K007 ~ 2eened WZ 
The significance of all this is that for signals of interest between the 
corners we have a 6 db/octave gain reduction. It might be of interest: to 
compare the gain equation if there were no capacitor. 7 ¢°224/5 
2K, 
A= 2R Kb = eres ae pe eC ee (EQ 6.89) 
‘ i LS X Ar ale L (5+ ao) 
Z 


The Bode plot as shown in Figure 6.23 has only one pole located at L/R;. 
For our 10 uh head with 2(26)2 series resistance it would be located at 
5.2X10° radians or 8.27X10° Hz. The addition of the capacitance then makes 


a considerable difference in the plot. 


The advantages of such an amplifier, of course, is the reduction of 
noise. This is achieved from two sources -- first the reduction in bandwidth, 
and second the very low input impedance lowers the electrostatic noise field 
interference, but it does worsen the electromagnetic noise interference. 
Shielding and twisted cable will then help. We will discuss the bandwidth 


effects at a later time. 
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As shown in the Block Diagram, Figure 5.1, when more than one head is 
to be used alternately, or non simultaneously, then some means must be provided 
to electrically separate the heads both during writing and during reading. 
Early machines accomplished this function by the use of centertapped heads 


and a diode or diode transistor network. 
First let us discuss the write separation function. 


In Figure 7.1A two heads are to be electrically separated by the use of 
diodes. Current flow is from the PNP transistor T, emitter-collector to the 
head centertap, thru 1/2 the head winding, the series diode, the conducting 
Write Driver transistor and out the current source, I source. The reversed 
voltages and diode polarities are used for the PNP version of Figure 7.1B. 
Again, as discussed in Chapter 6 on Write Drivers, collector saturation is 
avoided by providing a sufficient voltage on Vin or Vin to allow for the 
transient, but now also the transistor T,Vc¢ sat and the diode drop. The diode 
direction is in the direction of current flow when writing so unless some 
means of reverse biasing them is provided the capacitance of the parallel heads 
is still connected during the transient. ResistomR are added to reverse bias 
these diodes when the centertap transistor is cut off. The voltage chosen must 
exceed the transient. When calculating transistor current this extra Resistor 
current must be added. The reverse bias voltage must be greater than the 


transient voltage peak value. Figure 7.2 A and B show the relationships. 


Figure 7.2 B is a good way eooyieualize the various bias drops required 
to maintain linearity. The transients in both the negative and positive 
direction are compatible with the diode polarity; therefore, there need 
only be one damping resistor for all the heads, provided they are all the 


same, of course, See Figure 7.2C. The capacitance of the head is increased 
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as expected as a function of the capacitance of the reversed biased diodes _ 
and any parallel capacitance. This is shown in Figure 7.3. Looking at only one 


side for convenience, we see that the 2 (head capacitance) becomes. 
(aX Cw2 + 2O6N Cow e Cri) 
(G + Cus #26.) 


| ve C, 
[CoX € +2 ) + Cwy + Cr, 
Cy t+ Cos a ZC, 


(EQ. 7.1) 
2C, = ZG + Cus, + Cis + | 


As we look at the matrix and lump together some of the wiring capacitances 


Cwi., then we can write a new equation. 


EG aca) (EQ. 7.2) 


LG = Zs + Cy 6.2: 


This is handy because we can now address the case where there are more than 
two heads that are separated by the matrix circuits. It is obvious that 

just adding more and more heads in parallel will just increase the capacitance 
and thus lower Wn which slows down the rise time. If we can masse the matrix 
two level, meaning that we group the heads into subgroups and then connect 
them to the write driver thru a second diode, we can take advantage of this 
series parallel network to reduce the capacitance. The general equation 
becomes EQ 7.3 if there are B branches of X sub branches making a total 


of X°B = N heads. 


—: 


2C, = 24+ “Gas G x (20, )(Co ) 
2. Cy 
2h + Cp 


It is easy to see that this equation can be minimized as a function of X 


and B if we substitute Ce as the equivalent of 2 Cy and Cy in series. 
| 8.2 
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(xXceXo) (s-1) 


ner = 26+ (ue) + SE 


(EQ 7.4) 
; | N° 
For example let X - B= N heads .. X=B 
N a ome | 
2C7 7 2C, = (F-c ie (B- 1) (£0 7.5) 
| Ble + 


This equation can then be solved for the desired number of heads as a function 
of the two groups which will minimize the head capacitance. Each head's | 
centertap has its own transistor and reverse biasing resistor. These transistors 
can then be controlled by a decoder operating from a register. The input base 
level must be corrected for the transistor emitter voltage chosen. In. the 


example this voltage is ground; therefore, the bases will need to be driven 


negative. 


Figure 7.5A shows one method of interfacing T*L logic blocks. Ground is 
the best level to return the head to because of the noise usually on the supply 
voltages. Other configurations are possible that use some reference voltage 
as long as that severance is quiet electrically. The extra series diodes 
are considered when making up the bias diagram for the total circuit. This 
includes the select transistor, all series diodes, any head resistance, the maxi- 
mum voltage transient (in one direction), any required reverse bias of the 
Write Drivers, and lastly the variation in base voltage from the Pre Driver 


Circuit. 


The type of diode chosen depends on the write current. Usually a high 
conductance diode with as low a Cy as possible is best. Also, the leakage 


current when reversed biased is very essential as it affects noise in the 
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network during a read which will be discussed next. A IN4448 diode serves 


well in this position if the reverse leakage is specified. 


The second function of the Matrix is to connect the selected head to the 
Pre Amplifier as well as block the large voltage swings of the write function 
from damaging or disturbing the Pre Amplifier. This function is not so 


straight forward as was the circuit for isolation during write. 


Consider the circuit of Figure 7.6A. The nodes A and B can be called the 
main nodes. Branching off from the main node is the Write Driver circuit 
isolated with a pair of diodes, Di and D2. The Write Driver circuit also 
includes the Write Damping network. It should be noted that current flow from 
the reverse bias source R: thru the centertapped write damping resistor sub- 
tracts from the write current as seen by the head. This reverse bias is 
necessary in order to isolate both the Write Driver capacitance and the Write 
Damping resistors from affecting the read function. It can now be seen that 
any leakage in any reverse biased diode will affect the read signal. The 
problem with reading is tae the read signal is A.C.3 therefore, using diodes 
not only would form a half wave rectifier but silicon diodes would not even 
conduct. One way this can be accomplished is to force a smal] current thru 
the head and diodes such that they form a conducting path to the Pre Amplifier. 
The currents for both halfs of the head cancel their flux therefore the data is 
not disturbed magnetically. About 2.0 ma is necessary in order_to adequately 


forward bias the diodes to a sufficiently low series resistance. The Head 


AC signal now modulates this current which passes the signal to the Pre Amplifier. 


Resistors R2 and R3 are tied to a negative voltage in this example to supply 
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the desired current. The DC voltage at this node C.D is equal to 


Veg a (wary uy +2V, = V a er: 


(EQ 7.7) 


mnete sl ees = 


When writing the head voltage transient as given in EQ 5.23 needs to be 


blocked by Diodes D3 and Ds $ therefore, Ru is included to provide the reverse 


bias. This then means that when writing the Pre Amplifier sees -V on its input. 


This may not be desirable particularly for some commercial types. The circuit 
is modified as shown in Figure 7.6B to add another pair of Diodes Ds and De 
to block the large write transient blocking voltage. Another pair of resistors 
now need to be added to supply current thru Ds and De. when reading to forward 
“bias them. Also yet another pair of diodes need to be added to clamp this 


voltage when writing to a value tolerated by the Pre Amplifier. 


The current flows are now much more complicated. The extra current Ds; 
and De needs to be supplied thru R2 and R3.. This current splits between 


Ds and D3 as also Du and De. 


We can come close to the real currents as we assume that the diode drops 
are referenced to the head centertap voltage as shown in EQ 7.8 to the 


Pre Amplifier input. 


(EQ 7.8) 
View 2 V 1 Ve) 2 Y FY, -V 
fain ~ CE yar + beas fl 2 y] Jy Is 
Rad Va x Vo3 
—_ Vc sar, ~ ( Vee sar + Zoosf f Vv 
weet Teas = a EQ 7.9) 
recognizing that we want the current to split at this point. 
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Now we can make the Resistor Rs equal to 


R= Vinew +V) (EQ 7.10) 


T pas 


All this assumes that the iy drops are equal which is of course not true.’ 


These errors will show up as a small unbalance in current in the head as well 


® 


as an imbalance in voltage at the Pre Amplifier inputs. This latter is disastrous 


- 


as these voltages are usually several tenths of a volt which the Pre Amp cannot 
handle without saturating. Going back to the Pre Amplifier circuit of Figure 6.13 
and Figure 6.15 or Figure 6.6, we can see a solution. The coupling capacitor 

in the emitter feedback path effectively isolates the two input mismatches. 

All we are left with is a small differential unbalance due to the unequal 


attentuation thru the diodes. This affects the Common Mode Rejection Ratio 


of the amplifier which needs to be high. The function of Read Damping is 
accomplished either thru the network or by the addition of another resistor 
across the output terminals. This is necessary due to the different value of 
Zeta between Read and Write. A better position would be across the main node. 
This way the attenuation is lessened. The resistor value for Read Damping is 
higher than for write dampings therefore, we can leave the Read Damping across 
the main node for both Read and Write and make the Write Damping resistor for 
the parallel function to get the lower value required (See Figure 7.8). | 
The attenuation of the head signal is calculated from three simultaneous 


equations. 
B 


A 
Ve. = & (A, PUT, © Rue + Re} = 25 (hee) 
" | (EQ 7.11) 
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( Rune + Ge ( Kame + Rp, +k, +s Koy) — Cs (Rr } 


O. V = —¢, 


(EQ 7.12) 
y | E 
o V= (,(2) _ (a (ka +4) + (Ret&s + Kp. * ks + he + hy) 
(EQ 7.13) 
A a6 Vs5e6 | 
= . ° (8.0. Vite )( ts +6) (EQ.7.14) 
oh = [Ke +% oS (Ks +4) as 7 - - 
.s A -B oO — gceé. -BE-DA 
-B ¢ 6-D 
(o] -) E 


From the above it can easily be seen that if the Read Damping resistor were in 
place of Rs and Re then its necessary low value would greatly attenuate the read 
signal. As it is,only one pair of diodes cause the main attenuation. Al] 
following attenuation is small, (R2 + Rs and Rs + Re), if the bias voltages are 
high enough. a 

We know the Pre Amplifier input voltage from EQ 7.8 and 7.9 is the Reading 


input voltage. When writing the input voltage is clamped by diodes Dz and Dg. 
The input voltage during write then is VD, a This iS common mode and is about 
or 


-0.7 Volts. It can now be seen that when switching from Read to Write and from 
Write to Read the amplifier input voltage common mode goes from +0.7 volts to 
-0./7 volts or a 1.4Vchange. As long as these voltages are true common mode, 
the amplifier sees no transient, but due to the tolerances previously mentioned, 
some difference remains which forces large step changes in input voltage. These 
must be amplified for the duration of the time constants involved. The case 


where the Pre Amplifier is driven by current sources is easily calculated. 


C. (a V vee) 


I SevRteE An 
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(EQ 7.15) 
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The actual transient time is slightly longer due to the conduction of the 
previously cut-off transistor during the last portion of the transient 

(about 0.1 volt). We can calculate AVqgi¢¢ in the worse case by assuming all 
diodes in the upper half of the matrix have high voltage drops and all the — 
diodes in the lower half have low voltage drops for similar currents. Also 
we can take the tolerances tn the resistors in such a direction to accentuate 


the problem. 


BNog = 3 3Vy mua (EQ 7.16) 


DI nay fr Loar} i (ar Lon) 


The associated time must be accounted for in any selection process. 


In the multi level matrix the equations for attentuation and AVqier need 


to be modified to include the extra levels of diodes or diode drops. 


For a two level matrix as shown in Figure 7.4, for example, Equation 


7.8 is modified as in EQ 7.17. 


R oa Pe : 
Vea cc = Vee SAT + (Io, vd #2 VA ie Vp, We ES avew (EQ 7.17) 
DEV fences, eile © rrav (od = Bly (EQ 7.18) 


One 
ADV ote = 4 Vo mar Ar Iauy) 4 Vo ma (a7 Invi) 
similarly we must double both left hand Rp:. of Figure 7.8 to get the 


(EQ 7.19) 


attenuation. 


As can be imagined, the losses in these networks are substantial. Also, 
the noise induced by the diode noise and the reduction in Common Mode Rejection 
play a heavy role in reducing the signal to noise ratio. Obviously, such 


methods can only be used if the head signal is large compared to the total 


co eee 


system noise. 
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A further problem is that the write transients are not completely 
blocked from the Pre Amplifier. If we replace the reversed biased diodes 
leading to the Pre Amplifier by capacitors we can easily see how the Pre 


Amplifier is overdriven. Zee Fis TAO: 


Lt Rp and Ry are about 102, the transient is simply 


= Xi oO = | (EO 7.20) 
fone | 


If we assume the fundamental frequency component of the transient is 


5MHz then the signal transferred is 


LOV xX 
(7 tse Klo~) 70.04 36 7 


: ‘ Oo mecnaee cas eS uy, Be 
10m) Ga ere (ine) [og nex 


, = 220—V  (EQT." 


These matrices can be inverted polarity wise by using NPN write drivers, 
reversing all diodes and bias voltages, including the Read Select transistor 


network feeding Re and R3. 


A much better method is to provide a separate Pre Amplifier and Write 
Driver for each head. This has been done in several disc drives since 1977 
to great advantage. By mounting an IC containing these circuits on the head 
or near it most stray capacitances are reduced, common mode unbalances are 
eliminated and stray field pick up is reduced. Modern Integrated circuitry 
can perform this function for several heads at once when properly addressed. 


A general circuit is shown in Figure 7./f. 
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The current source can be switched on and off for writing. When reading 
the Pre Amplifier can be activated by biasing. Immediately we can see one 
problem and that is that the write transient is seen by the Pre Amplifier bases. 
Depending on the head inductance and the required write current, this voltage 
breaks down the base emitter junctions as one is forward biased and the other 
is zenered which reverses on the next transient. For integrated circuits there 


are two detrimental results depending on the circuit values. 


Zenering an emitter - base junction causes low current 8 to be degraded. 
This is of little consequence if we use higher currents to bias the first stage 
of the amplifier, usually above 0.5 ma. The second effect is when the forward 
biased base-emitter junction conducts it effectively saturates the associated 
transistor which turns on a substrate PNP transistor altering the biases. This 
latter effect is eliminated if the transient duration is smal] compared to the 


turn on time of the substrate PNP. 


When more than one head is serviced from the same integrated circuit, 
the multiflexing function is achieved by appropriately shifting the biases 
to favor the selected circuit. For example, the write drivers can all be 
in parallel from the same current sources but the base drive can be raised 
a few volts for the selected write driver while the remainder are held, thus 
cutting them off, or the current sources can be switched separately. The 
Pre Amplifier is easily selected if the first stage is our favorite cascode 
circuit. Here each head is connected to its own first half of a cascode 
amplifier with its own switched current source. The other stages are farratied 


to this riode with the upper half being a single circuit serving all. 
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When designing such an IC, great care should be exercised in considering internal 
biases and power dissipation. Figure 7.11 shows a typical circuit presently 
used for centertapped heads. By proper consideration many IC's can be paral led 


to address many heads by using parallel circuitry and address lines. 


We might profitably consider the serial time required by these multi?lexed 
circuits when handling data. Before the first transition can be recorded, the 
write current source must be turned on and the current built up to final value : 
in the head. This is typically about 100 ns or more. Werse when going from 
writing to reading we must turn off the write ‘current source, turn on the Read 
bias circuits, recover the Pre Amplifier from the select pane iene back to the 


base line and include any following AC coupling in later circuits. Then times 


can be as great as 5 - 30us depending on circuit bandwidths. 
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This chapter is included at this point in the presentation because we now 
have completed al] the basic circuits that interface with the head. The subject 
of safety has to do with the recorded data that resides on the disc or tape. 
Since this data represents the accumulated efforts of some programmer or computer 
operator then every means must be taken to assure the user that their data is 
not disturbed due to any malfunction of the circuits themselves. Of course, 
no amount of ehecking can protect any data if the machine receives a valid 
command to write even if it was intended or not. We will confine ourselves 


to only those malfunctions that are invalid or a result of component failure. 


There are several checks that will indicate a possible endangering of data. 


They are: 
1. Write Current and no Write Command 
2. Write Command and no Write Current 
3. Write Command and no Write Data 
4. Write Current during a protected data field 
5. Write Current and not directly over the assigned track 
6. Write Command and a Read Command simultaneously 
7. More than one head selected at once (serial machines) 
8. Open heads 
9. Shorted heads 
10. Centertap Current Sense 


We will discuss each of these and propose circuits that can be used to sense 


the failure. 


1. Write Current and No Write Command 
If a circuit is provided that senses the presence of write current 
the output can be 'anded' with a signal indicating no command is present. 


The sensing circuit depends on the type of head that is used and also the type 
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of write driver chosen. For two terminal heads driven by saturated switches 
similar to that shown in Figure 5.4, we have several choices: We could monitor 
the current drawn from the +V supply by providing a single series resistor. 
Then thru the use of a suitably biased comparator any current exceeding an 
acceptable value could be indicated. The problem of sensitivity could be — 
overcome by using a high valued resistor in parallel with a diode as shown in 


Figure 8.1A. 


With this circuit the V+ line previously used to calculate the Write 
Currents must be modified to subtract one Vbe drop during operation. Sensi- 
tivity can now be made as high as rdeded within the bias and common mode 
requirements of the comparator. If no appropriately higher voltage is available 


to operate the comparator a current mirror could be used that makes use of the 


diode as a reference as shown in Figure 8.1B. Here the current mirror js not 
a true mirror due to the differences in Vp and Vbe of the two descrete devices, 
but sufficient current can be guaranteed to operate the following logic block. 
These circuits could be used with almost all of the write drivers shown in 
Chapter 7. The complimentary pair driver of Figure 5.1 would need two, one 
- for each source or the emitter voltage itself could be monitored. 

With Current Source driven Write Drivers, the Write Driver emitter 
circuit could be monitored if a small modification is included. This circuit 
type is shown in Figure 8.2. Diode Dy is added to isolate the emitters from the 
+V voltage expected on the collectors of the Current Source. Again, a comparator 
is made to sense if this voltage ever goes negative by 2 diode drops or less 
below the Write Driver bases. Note that the current thru Ry and Ro must be 


appropriately subtracted from the current source current value. The reference 
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could be the voltage between the two bases itself which will reduce the worse 
case calculations. The fact that the base voltages will move up and down with 
data normally is cancelled out by the 'difference' connection shown dotted R+ 
R3. Feedback could be applied around the comparator (operational amplifier) as 
if desired. The logic signal resulting from sensing the current can now be 
‘'anded' with the Not-Write command to indicate the unsafe condition. A timing 
problem now exists that neads addressing. The response time of the current 
source to the Write Command will be slow on both edges as also the response of 
the sense curcuit. We are interested,in this safety circuit,if there is write 
current without a Write Command. When the Write goes off the combined delays 
of the Write Current Source and the sense circuit will indicate write current 


well past the trailing edge of the Write Command. This false response needs to 


be blocked while maintaining the basic function. A simple circuit using a 


T?L or DTL logic AND or NAND, Figure 8.3, can cover most delays encountered. The 
sensitivity of T?L circuits to slow edges is of no concern due to the use of 


latches following that hold the fault information. 


Similar circuits can be devised using other logic families. In this 
circuit we take advantage of the construction of a T*L gate, or a DTL gate. 
If either input A or B of Figure 8.3B are low all current is removed from the 
input circuit with none left for the following transistor. When both go high, 
the the capacitor receives the current until the voltage rises such that the 
transistor turns on thus initiating a delay in the response of the AND/NAND 
function. When either A or B go low in response to the eventual fall of the 
write sense line the capacitor discharges thru Rl. When designing for a certain 
delay the tolerances of Rb and the diode drops and transistor base turn on 
voltages must be considered. The resistor R6 typically has tolerances of * 25%. 


The delay time becomes close to the following equations when solved for T. | 
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(EQ 8.2) - 


(EQ 8.3) 


If we take the inverse Laplace of the last two equations and solve for T, 


we have the maximum and minimum delays. 
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With the above circuit, all we need to guarantee is that the maximum time 
of the write sense current remaining high and the minimum delay do not overlap. 
If we used this fault signal to shut off faulty write current directly without 
the latch then the circuit would oscillate. To see why we need only consider 
that if faulty current is sensed correctly which shuts off the current then the 
‘sense’ will drop after some delay which then permits the faulty current and 
its following sense to return. All this repeats. Latching the fault indication 


prevents oscillation. 


2. Write Command and No Write Current 


This fault condition is sensed using the same sense circuit as in 
Figures 8.1A or 8.2. The difference is in the following ‘and' gate. 
Figure 8.4 shows the same circuit as Figure 8.3A except that the signals + Write 
Command and + Sense Current are changed to + Write Command and - Sense Current. 
Now if current is lost during a ‘Write Command' then the fault is sensed. Again 


a timing problem exists at the leading edge of Write Command because the current 
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Source and the sense circuit need time to respond. The same logic delay circuit 
will function correctly with the same but appropriately relabled timing 


diagram (Figure 8.3C). 


3. Write Command and No Write Data 

When writing we need to be assured that data is being written on the 
media. What signals are there available to us that truly indicate that we are | 
writing’ In tape machines this is an easy task as it is usual practice where : 
there are Read Heads following the Write Heads. In Disc machines where the heads 
are used for both Read and Write a full revolution of the disc is required 
before Read Verify is possible. If we assume that the head is in 
proximity to the disc then we can sense the flux changes to verify that we are 


writing. Rather than a separate winding around the head core to sense the flux 


changes, we can sense the voltage transient across the head instead. There are 
several simple circuits that can do this with any type of head and write driver. 
They do increase the circuit capacitance which increases the current rise time 
as this needs to be considered. The design must consider the attenuation Rl 
and R2, the voltage transient, and the voltage gain of A. Amplifier A should 
be a limiting amplifier compatible with the TL logic of the Resetable Single 
Shot. If the circuit of Figure 8.5A were implemented the output would respond 
to only the positive transient; therefore, we would have one output for every 
other current transition. This is acceptable if the Resetable Single Shot 

time is greater in the worse case than twice the maximum current transition 
spacing. If both current transitions responses are required then the amplifier 
should be a linear differential amplifier with the outputs connected to a 

full wave rectifier thus achieving a unidirectional pulse for each current 
transition. Figure 8.6 is such a circuit. 
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Although the complimentary write driver is not often used, we will go 


thru the design. 


If the transient voltage expected worse case minimum at point B were 
7.V BP, then we could isolate the head from the differential amplifier with .an 
attenuation of 3. 3nax making, (this reduces the extra capacitance across the 
head proper with only a slight change to the 
damping if we keep the impedance high) 


Riaak — (EQ 8.8) 


Giving us a 2V min transient applied to the base. 


The gain. of the amplifier could be set for 1 with the actual value of RE... 


in 


and the I current source equal to less than the expected aVinin transient. 


min 
This way the differential amplifier will limit on the minimum expected signal 


transient. The two equations are shown in EQ 8.9 and EQ 8.10. 
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Dependiny on the speed of operation we try keeping l source to around 
2 to 5 ma, and use a transistor with a reasonable Fee This is dictated by the 
Gain Bandwidth curves for the transistor. The next part of the circuit considers 
the value of the quiescent voltage at the base of Q3. This voltage should be 
such that during no signal the base must be conducting worse case. | 


Assume Vbe = 0.75V as the conducting maximum Vbe required, then 
| > 9-75 Vv ; 
(sae maw y K. iis = V, aie a) <= (EQ 8.11) 


When operating, the most positive collector voltage will] be when Q, or Q2 are 
cut off. We designed the amplifier to do this deliberately to ensure limiting 
in the positive direction. When this occurs the voltage at the cathode of 


Diode 1 or 2 is about 0.6V below +V. If the value of R3 is kept high so that -- 


(Vs na = Vo. ee KR’, may 
RK, mon Re ae ) 
Roni e Ry iad 


--then transistor Q3 is cut off during the peak of the transient. 


2 VY max ~OGV 
‘ (EQ 8.12) 


The following two stages are designed considering the current of Q3, the current 
loss thru R6 and keeping Q4 out of saturation. The gain is made high only to 
accommodate the current loss in R6 until the voltage rises to turn on the base 


of Q4. If we make R6 2KQ then our maximum loss of current will be 


mart 
hj: = Vos ww 0 (EQ 8.13) 
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The value of R5 is chosen as we consider the current required to turn 
on Q4 and the minimum signal on the base of Q3. Because the diodes D1, or 
D2 and D3 are always conducting then we should see almost the full limited 
signal at the base of Q3. Assume we only receive half or 1.0V, then the 


collector current of Q3 is approximately 


45 V nay — Vey mAs 
—_— 
= Piss + 


— Ry men Pu asics 


[.ov i Vb MAF 2, 


Ry mary (EQ 8.14)- 


Once this is accomplished then we know that worse case we can turn on Q4 until 
the transistor Q3 is cut off when 04 will then cut off. R6 should conduct any 


charge on the base of Q4 away before the next transient pulse. We keep 04 out 


of saturation (only needed for speed) by using a Schottky diode between base 


and collector circuit. This circuit works well and is called a Schottky clamp. 


The base voltage vs. base current curve has some positive slope, so does 
the Vsat as a function of Ic. As the base voltage is usually en greater than 
Vsat then the about 0.4 volt drop of the Schottky diode (which also has a posi- 
tive slope with increasing current) is sufficient to keep the transistor out of 
saturation. For example, if Vbe is 0.7V at some value of base current and Vce 
sat were 0.2 volts for some value of collector current, then 0.7V - 0.4V = 0.3 Volts 
or about 0.1 volt difference which we can use to reduce the base voltage to 
around 0.6V or out of saturation. This is a very rudimentary explanation as 


the solution can only be obtained graphically since all 3 junctions voltages are 


changing to obtain final balance. EQ 8.14 is correct. 


V, = Van + Ve (EQ 8.15, 
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The above circuit will then output a positive pulse for each transistor (plus 
or minus) in the worse case since we chose all our design criteria to ensure 
an output pulse for a minimum transient and we designed the amplifier to limit 
above this value in order to reduce the current of Q3 for larger transient 


voltages. 


We will next consider the most used Write Driver and generate several , 
circuits that will function’ as transition detectors for them. One of the 
problems we should consider is that of the polarity of the sensed transient. 

If we sense the negative transient at the collectors of the Write Driver Q]l 

and Q2, then if the head were open on one side, we would still get a negative 
transient as the current flow will be thru the damping resistor. The affected 
transistor will saturate but the negative transient will still be present even 
though of a different amplitude. Remember that we minimized the Collector-Base 
voltage in order to reduce sewer. dissipation: therefore, there will not be much 
difference in voltage between the saturated case and the normal case. A better 
way is to use the transformer action of the head to get the positive transient 
occurring at the off transistor (for NPN Write Drivers). This then assures 
us that the whole head is working for if one side were open transformer action 


could not occur. 


The circuit of Figure 8.7 shows a typical connection. The attenuation of 
Rl and R2 is provided to help keep Q3 out of saturation yet guarantee it does 
conduct on the positive transient. Again the Schottky diode is provided to make 


a Schottky Clamp. The circuit includes the Matrix diodes just to show that 
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jt makes no basic difference except in bias levels. The diodes that pass the 
head current correctly to the Write Drivers also pass the positive transient 


therefore the transient will be available at the Write Driver collectors. 


If the head transient were 7.0V.BP SE then the attenuation max becomes 


V we R (= 8°.sé& — 3 V5 at) (5.0 Vnas —_ Ve, ma 
be mag oe ee KEQ 8.16) 


K w 
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ay 


If the head were shorted then there would be no V TRANS. 


If we design using this equation, then we ensure operation as long as the 
R.C. loading Q3', base is small compared to the discharge times required 


between transients. Note also that because of the loading effect of R1 and 


pat 


R2 in parallel with Hib of Q3 the damping Resistor Rp total needs to be raised 
in value accordingly. This particular configuration lends itself to driving 

ground referenced logic and is by far the better way to go than circuits that 
put in emitter degeneration in the emitter of Q3. In these cases level trans- 


lation is required such as we did in Figure 8.6. 2 


Another circuit provides a capacitor charging and discharging current 
such that the end result is a combination including the effects of the Resettable 
Single Shot. This circuit has been used in head interfacing integrated circuits 
designed first by IBM. The capacitor is charged thru the diodes on each transi- 
tion.. This reverse biases Q3's base. A negative current source steadily | 
discharges the capacitor such that if the time between transitions exceeds the 
time for discharge to the Reference level Q3 turns on activating the Darlington 
Qs and Qg. Thus as long as transitions occur regularly within the time allotted 
then the output remains high. If they cease or the spacing exceeds the discharge 
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time then the output goes low. The picnie can be. used for a current indication 
by using the output at the top of R3 instead of the collector as is usual. This 
permits other functions to be performed in parallel. We will not go into this 
design in detail except to note several considerations. First, the diode 
charging current does affect the damping depending on the state of charge of 

the capacitor. It also is affected time wise by the negative current source 
variations and the value of C as well as the 8 of the PNP transistors as they 
start to conduct or any leakage if cut off. When this circuit is integrated, 


these variations can be extensive. 


We might consider a circuit that could be used with the Bridge driver. 
This two terminal head driver's head transient negative voltage is not much 


different between an open head case and the normal head case. With the upper 


the margin provided between the normal transient voltage and the negative swing 

of the supposed cut off emitter follower. This is not sufficient for an indication. 
However the positive level of the emitter follower is significant in that it can 

be measured against a reference. It is the difference between the Vbe lightly 
conducting and the Vbe heavily conducting. This is usually a few tenths of a 

volt against a solid reference. A circuit can be devised that can utilize this 


difference. 


If the head were open then the normal path for current is blocked; therefore, 
the lower half of the bridge will draw current directly from the upper bridge 


inmediately above it, such as from Qo thru Qq in Figure 8.9. 
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The transistor Q10 is provided a slight euprent of only a few hundred 
microamperes, I,, such that the base voltage of Q9 is at a voltage of say 
0.6 Volts. If the Write Current 1 were say 50 ma and the head were open 
with Vin high then Q3 is conducting from Q1 even though the base of Q1 jis low. 
The base of Q4 is low so Q4 is cut off, but the base of Q2 is high since Q6— 
is cut off. Since the current thru Q2 is very low, being only leakage, then 
the Vbe of Q2 is around 0.4 Volts. This makes the difference between the bases 
of Q7 and Q9 about 0.2 Volts or sufficient to switch. Using low currents for 
I3 to reduce base current effects, we have a circuit that will respond to 
open heads but it will not respond to normal and shorted heads. The voltage 
on the emitters of Q1 and Q2 will not change in the.case of a shorted head 
except due to rise - fall time crossing effects which are very narrow. A circuit 


that will totally detect true transitions at the Write Driver requires two 


_ detectors, one for open heads and one for normal heads Since the shorted head 
case produces only a small transient voltage. The second circuit simply needs 
to verify that the head terminal voitages appropriately follow the upper half 
of the Bridge's base voltages. This can be done using a low gain differential 
amplifier and full wave rectifier similar to Figure 8.6 and shown in Figure 8.10 
for inductive heads. The amplifier isolates the head to reduce the extra 
capacitance. The output pulse width can be pulse width discriminated in order 
to isolate the shorted head narrow pulse, resulting from poor rise times, from 
the normal head wide pulse. This is only necessary if the rise and fall times 
of the pre driver are not very fast such that there is a glitch at the head 


terminals at the intended transition edge. Figure 8.11 illustrates the phenomenon. 
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The actual voltage change in the shorted head case is about half that of a 

normal head case as ane the swing on the upper half of the bridge bases is 

equal to or exceeds slightly the regular transient. Getting back to Figure 8.10, 
the inputs signals are really not differential but are negative pulses referenced 
| to a DC level for each oppositely occurring transition which alternates beticen 
inputs. We can use this to generate our full wave rectifed pulses if we limit 
cut off to a level between the half level expected from shorted heads and the 
minimum normal level. If the base swing were 5.0V, then we need a cut off 


level of around (.75)(5.V) = 3.75V. Choosing the +V supply sufficiently high 
such that 


: / (6H maw 
View = (Zs nel Renee) i> ae > (EQ 8.17) 


we can proceed as before. 
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E may ~ [ Jou.tce | yee 
The remainder of the design follows from EQ 8.11 thru 8.14. 


There is a variation of the above circuit if the head is essentially — 
resistive, such as the case of a thin film head. Here the voltage waveform 
at the head is almost a squarewave. Again, if power dissipation is minimized 
in the design, the down level applied to the upper bases of the bridge is 
slightly below that of the IR drop in the resistive head. One circuit that 


can discriminate the normal head from the shorted head or partially shorted 
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head is to diode couple the low level signal on each head terminal and 

compare that to a reference. However this circuit cannot distinguish the 

case of no data applied meaning an open data cable or circuit somewhere earlier 
in the circuit chain. We must really use the dV/dt of each transition. This 
can be done using a frequency level detector such as is shown in Figure 8.12 


or a + pulse rectifier and amplifier as shown in Figure 8.13. 


The circuit of Figure 8.12 should be driven from an intermediate amplifier 
to isolate the circuit capacitance from the head circuit. The level at Point B 
is a function of the voltage change at the inputs, the ratio of the two capacitors, 
and the time constant of C2 and the two resistors. For large capacitor ratios 
the. level at & is fairly smooth, but if we choose a smaller ratio with a short 


RC time constant, then the circuit will perform as a full wave rectifier with 


controlled output pulse widths. 


The circuit of Figure 8.13 may not require an intermediate amplifier if 
the coupling capacitor's value is small,and as the RC time constant should be 
large compared to the transition rate it requires large resistors which in 
turn affect the base bias due to base currents. The circuit is basically 
a full wave biased rectifier. The difference from the base line to the clipping 
level is determined by the resistor network R1, R2 and R3. The upper portion 
of the transient is ‘dot ored' and is available as a series of squared positive 


pulses at the output. 


A better circuit would result if an intermediate amplifier is used to 


permit lowered resistances. Lastly, if we consider the transition detectors 
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they really indicate the correct functioning of the entire Write chain. 
Without write current there would be no transitions neither without a 
continuous data path and a functioning head. The only thing it does not 


tell us is if the head is in contact with or in proximity to, the media. 


4. Write Current thru a Protected Data Field 
There are several variations of this circuit family. The first 

involves the Memorex invention of the Write Protect feature. A simple circuit 
operated from a switch blocks the Write Command from the Write Current circuits. 
The circuit usually indicates back to the control function that the Data is 
protected. One consideration is to design the logic circuits such that 
operation of the switch during a Write operation will not disturb the write 
in progress until the operation is over. A simple gated latch will accomplish 


this. 


A second variation is used in embedded servo type disc drives. These disc 
files have servo information pre written on the data discs in sectors or 
interleaved with the data. The same information must be protected in order 
to maintain correct servo operation. Counting circuits that are indexed to 
the disc position are usually used. Decoding the count determines the areas 
where the prewritten servo information is recorded. Circuits are also used 
that verify correct operation of the counters, such as, frequency sensitive 
discriminators and phase locked loops. Protection of the servo data is of 
such inportance that redundant counters are sometimes used with phase detectors 


to monitor their differences. 
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5. Write Current and Not Directly over the Assigned Track 

Again there are two checks performed to verify the head position 
in Disc Drives before a Write is allowed. The first requires the successful 
comparison of the desired address contained in a register and the written 
address recorded on the disc usually before each record. The second requires 
circuits for monitoring the heads position with respect to some pacenenes.. 
In track following servo systems there are signals available that are sensitive 
to the percentage variation from the tracks centerline. As the head deviates : 
from the centerline by an amount exceeding the off track capability of a 
Read - Write - Read sequence at the track extremes, we require a signal that 
will terminate a Write function immediately. This is because any data there- 
after written will be difficult to read due to the off track, adjacent track 


and fringing crosstalk or interference. As the head mechanism cannot move 


instantaneously, some earlier or narrower range is sensed with a time limitation 
imposed for the system to restore the head to be within these normal limits. 
Such circuit timing must consider the mass and forces of the moving mechanism. 
Figure 8.17 illustrates the phenomenon by showing the head centerline movement 
compared to the track centerline as a function of time. The two limits are 


shown dotted with the appropriate sense levels and timing. 


This figure shows the head returning within limits within the allotted 
time. If it did not then a signal would be generated that shuts off any Write 


in progress and notifies the control circuits. 


6. Write Command and Read Command Simultaneously 
This circuit is strictly a monitor of the control circuits, but it 


also checks for logic failures in that if a logic gate failed the opposing 
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Commands could be issued. A simple 'And' gate at the last logic position 
of the two commands will suffice. This way the error can be caught up to and 


including the input to the Analog Read and Write Circuits. 


7. More than One Head Selected 


Depending on the Matrix configuration, there could be several circuits 
required. If the number ae heads built into a machine is great enough, some 
designers choose to use two separate Write Circuits, two separate Read Pre 
Amplifiers and two separate Head Centertap drivers. When this occurs there 
must be circuits that monitor circuits to verify that one and only one is 


operating at any one time in serial machines or in parallel machines to see 


that all such circuits are operating simultaneously. 


First let us pursue the Centertap Monitoring Circuits. The engineer has 


a choice of an ‘Exclusive Or‘ tree or an operational amplifier. The latter is 
least expensive even in the earlier machines when such a circuit had to be 


built of discreet components. 


Consider Figure 8.18. We have shown two heads with the centertaps capable 
of being grounded, with NPN Write Drivers and ’V? centertap drivers. Reverse 
bias for the centertap is anegative voltage. The ratio of the resistors R2 
to Reg and Rl to Rey is large such that the correct amount of reverse bias is 
maintained to block the head transients. Re is chosen to provide a certain 
worse Case guaranteed voltage output from the operational-amplifier. Rp is 
provided to cancel the affect of all but one of the reverse biased centertaps. 
For example, if Figure 8.18 showed 5 heads with 5 centertap drivers then Rp 
would compensate for 3 head centertaps leaving one to provide a negative signal 


and, of course, the other being at ground if selected. The circuit will respond 


9.18 


PUBLICATION INTENDED. ALL RIGHTS RESERVED. 


SAFETY CIRCUITS | * 


with a negative output if more than one head. centertap is grounded and with 
a positive output if only one or none are grounded. The design is worse cased 


as follows where N is the total number of head centertap drivers. 


+ = (EQ 8.18) 
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Equations 8.18, 8.19, 8.22, and 8.23 require the worse case bias set into 
the comparator to be centered between the values of Vo min normal and 
Vo min 2 ON: By properly specifying the value of Rg this range could be 
centered around the Vbe of 2 transistors and the circuit of Figure 18.9 used 
instead of the comparator as long as the Vo difference is greater than one, volt. 
In the above equations, we neglected the voltage and current offsets and gain 
effects of the operational amplifiers. These should be included if the difference 
is less than one volt which would jeopardize the correct biasing of the transistor. 
Resistor Regshould be chosen to equal the resistance seen on the negative 
input in order to correct for balanced base or input currents. For the other 
two offsets the total resistance can be kept as low as possible within the 


current limitations of the centertap and bias resistor currents and the voltage 


attenuation due to the action of Rco and R2 as it relates to the head transient 
voltage. Usually the voltage change due to one centertap circuit changing state 


is large so the main offsets are swamp ed. 


The other monitoring circuits become just ‘And' and 'OR' combinations of 
the previous circuits outputs in multiples. The block diagrams of Figure 8.20 
thru 8.22 show typical examples of some multiple arrangements. Notice that in 
Figure 8.20 we need both the indication for write current from either current 
source as well as the indication of more than one source on at a time for serial 
data machines. For parallel data machines the dotted addition is required to 
indicate a failure. There are variations of Figure 8.21. As it is shown 
the outputs of the Resettable Single Shots are combined to indicate the function. 
This then would be 'Anded' with the delay gate of Figure 8.3A to capture the 


failure. However, if one of the Resettable Single Shots failed true then we 


would never sense any failure of transitions. The ‘Exclusive OR' gate wil] 
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catch this kind of failure. Usually we only try to sense no more than two 


serial failure conditions, beyond that would greatly complicate the design. 


The last arrangement shown in Figure 8.22 is for multiple groups of heads 
only one of which is permitted at a time. Here we require two groups of 
operational amplifiers, one to sense more than one centertap as we discussed 
and the other to sense one head centertap. The only difference in the design 
is the value of Re also taking into consideration that there are now two loads 
on the R, resistors instead of one for both cases. The extra requirement for 
the 'Qne Sense’ can be eliminated if the centertap selection of one head in 
each group simultaneously can be accommodated, such 3s in parallel data machines 
and for machines where discrimination occurs in the Write Driver Channel and 
the Read Channel. In this last case a matrix can be formed connecting head 
centertaps and Write - Read circuits in some convenient or cost effective 


manner (see Figure 8.23). 


This matrix gives rise to a common terminology used throughout this 
industry of X and Y. The X circuits are the most expensive and are therefore 
minimized in number. The cheapest are the centertap circuits and are maximized 
where possible. Hence the centertap circuits are often referred to as Y select 


circuits. 


8. Open Heads : 


We discussed this situation in the section on transition sensing. 


9. Shorted Heads 


This also was discussed in the transition sensing section. 
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transistor is turned on quickly, this permits a discharge current to flow 
thru the head half winding that normally js balanced out that now is of 
sufficient magnitude to cause the media to be brought out of saturation 
thus actually writing a disturbance on the media. Because of this effect 
it ts doubly important to minimize head capacitance, and maximize the 
discharge rate while maintaining sufficient drive to saturate the centertap 
driving transistor during writing: This then refers back to the circuit 
used to drive the bas¢s of the centertap drivers which we did not discuss 


at that time. 


Once we have sensed a safety related failure we must now determine what we 

can do to minimize the damage to the recorded data from either timing. or 
circuit related failures. The best thing we can do is to prevent the flow of 
head current either by blocking the current path at any point or several points 
or by sinking the current off to ground before it can reach the head. The 
first type usually are limited to shutting off the current sources and the 
centertap drivers logically. These precautions work well for command related 
failures or timing failures, but they do not work if either the current source 
transistors shorted or the centertap ivanei store shorted or some other current 
path became established. Again, shutting off all current paths can block the 
current thru the head either at its. source or at its sink despite a failure of 


one of the sources or sinks (centertap circuit). We can provide a circuit 


that clamps the current source to a potential that reverse biases the Write 


Driver emitters. Part of the precautions already exist when we added a series 
diode to protect the Write Driver emitter from the Current Sensing circuit during 
the off condition. Refer back to Figure 8.2, Rl and Dl. If we connect a large 


9.23 


po 


PUBLICATION INTENDED. ALL RIGHTS RESERVED. 
SAFETY CIRCUITS 


10. Centertap Current Sense 

In the cases where the centertapped head or a group of centertapped 
heads are driven or connected directly to an Integrated circuit collector, 
there is a distinct possibility of a short between the collector junction 
and the substrate. This situation exists due to the usual practice of tying 
the centertaps together to a common voltage or ground. The favored method of 
sensing this failure is to monitor the current in the centertap line. A 
simple. series resistor and = Semparetor suffices. The bias on the comparator 
allows up to normal write current and any combined leakages to flow without 


changing the output state of the comparator. 


There are many other circuits or conditions that could be monitored. 
These will evidence themselves to designers as they consider all the possible 
paths erasing current can take thru the head from whatever source or all the 
combinations that can prevent data from being correctly written such as any 
data encoding circuits or clocking circuits. They all need to be monitored 


and latched for the protection of stored data. 


One side-light to the half open centertapped head case not previously 
discussed is the condition during selection by the centertap driver. Consider 
for a moment what we discussed back in Capter 7 on Matrices. We were very 
careful to balance the Read biasing currents so that the flux generated cancels. 
When a head coil opens on one side the bias current now is snbatanesd and hence 
can partially erase the media. However, the flux is very small and is not 
usually of sufficient magnitude, if properly designed, to bring the media particle 
back into the open portion of the hysterisis loop. There is one other circuit 
parameter that we have neglected and that is the single ended matrix capacitance. 
See Figure 8.24. When a head is reverse biased, the cable, head, and diode 
capacitance is charged with some number of coulombs. If the centertap selection 
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transistor to the collector of the Current Source Transistor and tie its 
emitter to a potential more positive (in this case) than the bases of the 

Write Drivers, we can fientnie transistor on immediately upon sensing any 
failure. This is achieved by an 'OR' tree driven from each of the safety 
‘circuit storage latches. Some engineers like to turn it on every time we’ 

are not writing in order to quickly discharge the current source lines. The 
transistor and its base current drive must be capable of handling any current 
resulting from shorting the current source transistor which means the current 

| would be that obtained thru the emitter resistor in series with the difference 
in potential between the source supply and the clamp transistor emitter reference. 
This must be worse cased as failure to do this might, forward bias one of the 
Write Drivers. A circuit is shown in Figure 8.25 for the NPN Write Driver with 


the centertap referenced to ground. Other configurations are left to the reader. 


A typical design would ensure the following equations are met. 
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If all these 5 equations are met simultaneously then the clamp will operate 
correctly even in the event of a shorted current source. Notice we are worse 
than worse case, but totally safe as we used V- min and V- max as simultaneous 


conditions in EQ 8.24 and 8.25 respectively. 


This concludes the current related safety considerations. 
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' DETECTORS 

This chapter deals with the detectors or the circuitry used to sense the 
transitions recorded on the media. We will discuss the intervening amplifiers 
in the next chapter as the type of amplifier depends on the type detector 
chosen. The detector in turn depends entirely on the head signal and the 
region of operation. Let us refer to Figure 9.1. This figure is our old 
friend the bit density curve with some added segments. Historically, all 
magnetic recording was done using the left hand side or the ‘good’ resolution 
portion, Region 1. Here the various frequency or density components result in 
very similar amplitudes. Therefore a string of transitions produces signals 
of fairly equal amplitudes with little interaction. The process of detection 
is to sense the peak which results from the instant of maximum time rate of 
change of flux of the transition and output a pulse, the leading edge © 


' of which, corresponds to the center of the transition. Circuitry for doing 


this consists of some amplitude reference and a peak sensing circuit. The 
amplitude reference serves to eliminate noise associated with the signal base 
line, Figure 9.2. As the signal is bipolar there needs to be two references 
or some means of changing the signal to unipolar. A Full Wave rectifier fills 
this latter function quite well. The peak sensing circuits are required to 

be very accurate. For this reason, amplitude sensing circuits fail. Consider 
the peak of sine wave. The change of the amplitude as a function of time is 
very poor, changing only a few percent over a considerable number of degrees. 
Amplitude sensitive circuits then will have poor time resolution of the peak. 
They are also sensitive to the variations in amplitude of each transition in 

a chain for no pulse is of the same amplitude as its neighbor due to variations 


in media and head-media mechanics. 
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Two other signal processing circuits resolve the dilemma. They are the 
differentiator and the intergrater. Here the slowly changing peak value becomes 
a fast changing base line crossing as the slope of the peak changes from one 
polarity thru zero to the other. This result is ideal as we can build base ~ 
line crossing sensing circuits very easily. The question now becomes which 
of the two is better. First the differentiator. The circuit or amplifier 
has a zero at the origin. The gain then increases from zero at zero frequency 
to infinity at infinite frequency. Our head signal is complex in that it can 
be described as a fundamental sine wave with many harmonics. Noise also enters 
the picture. As we pass the bandwidth of interest, the gain continues to 
increase, therefore, all the noise of higher frequencies will be amplified 


accordingly while the signal of interest remains at its lower gain. The result 


is a decrease in signal-to-noise ratio. Practical circuits have finite band- 
width as they roll off due to stray capacitances introducing a pole. We see 
then that practical differentiators have signal-to-noise ratio problems but 


are limited to the bandwidths of the circuitry. 


The intergratar on first look is ideal as its output results from a 
pole at the origin, or zero frequency, which produces decreasing gain for 
increasing frequency. If we were only dealing with a sine wave, the resulting 
waveform would always be symmetrical; however, we are dealing with a complex 
waveform containing many harmonics and noise which also vary in amplitude from 
pulse to pulse. Ideally, then we would have a base line crossing for each 
transition as the area under the curve alternates. But the signal's non- 
uniformity will result in variations in the time of the base line crossing 


from the actual peak time of the input signal. 
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When compared to the noise shifted differentiafed signal base line crossing 
and the quiet but time shifted base line crossing of the ineeovated signal, we 
are forced to choose the lesser of two evils. The differentiator has dominated 
the application mainly due to the way the higher frequency noise is rolled off 
by judicious choice of the pole location of practical circuits. The operation 
of the intergrator in the presence of defects accentuates the inaccuracies. - 
Compromises can be worked ait using carefully placed zeroes to minimize its 
sensitivity to defects and amplitude vardatione. but no practical recording 


channel has succeeded in mass production using the approach. 


We will now develop a circuit that will perform the detection function 
previously described. The block diagram for such a detector is shown in 


Figure 9.3. The full wave rectifier can be built from the differential 


signal with a pair of diodes. See-Figure 9.4. Because the differential signal 
contains two positive peaks for each pair of pulses, the diodes will pass two 
positive peaks each one corresponding to a transition. Depending on the biasing, 
the output dc potential will be one diode drop below the input base line or 

dc potential. The driving circuit must ensure the two dc levels to be equal 

or unsymmetry will result. Wherethe input and output are referenced to ground 
the diodes will subtract one diode drop from the signal before passing it on. 
Figure 9.5 illustrates this function. We could take advantage of this phenomenon 
by making the diode drop equal to the amount of signal around the base line 
(clipping level) that we want to remove to reduce sensitivity to base line noise. 
Under these circumstances the signal itself must be amplified to an amplitude 
such that V diode equals the percentage of the signal we want to remove. For 
example, if we want to remove + 10% of the signal around the base line, the _ 5 


; F Sais , 100% : ; . 
input signal must be amplified to 2( “Taz ) (Vp)in Vop diff. (EQ 9.1) 
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Such a circuit will function but is not easily changed if we want to change 
the clipping level percentage except by changing the amplitude of the input 
signal or the references. The signal swings are very large, as in our 


example: 2(10)(.7V) = 14.Vpp diff. is required. (EQ 9.1) 


When the full Wave Rectifier is DC coupled with an appropriately negative 
return voltage as shown in Figure 9.6, then the output amplitude is equal to 
the input amplitude but is one diode drop below the input signal voltage. 

We need not get confused if we reverse the diodes to pass the negative peaks 
instead. Input DC balance is required for correct symmetrical operation. 

We could perform this function with active circuits such as is shown in 
Figures 9.7 or 9.8. The advantage of the emitter follower connection is’ the 
lowered impedance provided by the transistor. It has one disadvantage and 
that is the reverse base-emitter breakdown voltage, BVp,,, restricts the input 
signal peak-peak value for one emitter is conducting while the other is cut 
off. Again, input balance is required. The addition of the third emitter 
follower permits any percentage of clipping. It is similarly restricted to low 
amplitudes of around 7.Vpp SE max due to BVb ey: Another consideration is that 
of the transfer curves at around 0.1 volts difference where there is partial 
conduction of the transistors. The operation is very similar to a positive 
'OR' circuit meaning only the transistor with the most positive base will 
conduct. It is this characteristic that permits Full Wave Rectification 
or Biased Rectification. The input amplitude must be such that the 0.1V 
uncertainty is smal] compared to the signal of interest but within the 


restrictions imposed by the emitter-base breakdown voltage. 
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We will now turn our attention to the Gate Limiter. Its purpose is 
to provide a gate to operate the ‘and’ circuit at the appropriate time to 
allow the pulse resulting from the differentiated signal peak to pass while 
blocking all noise related signals. The output of the Full Wave Rectifier - 
is limited either thru direct amplification or that resulting from soeetne 
feedback such as in a Schmidt Trigger. The latter circuit has the advantage 
of reducing the effect of noise around the threshold of the Schmidt, whereas 
the former will be noisy around the bias point. The gate threshold level 
results from either the Schmidt threshold or the amplifier bias point. 

Figure 9.9 illustrates the waveform relationships we want to design into 
the total circuit. | | 

If we design a limiting amplifier that limits around the clipping level 
we desire, then we have performed the function we need. From Figure 9.9 
the clipping level value is determined as a percentage of the input signal 
magnitude. Let us use 15% of 10.Vpp diff. This becomes 5.Vpp SE or 2.5Vpp 
out of the Full Wave Rectifier and 15% is 375.mV. We next need to guarantee. 
the reference of the input signal to the Full Wave Rectifier such that we 
have control over the percentage. We also need to include the tolerances 
of the diodes or transistors used to build the Full Wave Rectifier. We can 
do this with the circuit shown in Figure 9.10. 

Transistors 1 and 2 perform the Full Wave Rectification. Transistors 3 
and 4 are a high-gain differential amplifier. The input reference is ground. 
The bias reference is 375.mV with transistor 5 providing the same or similar 
Vbe drop as transistors 1 and 2 if current sources 1 and 3 are equal. This 


function is harder to perform with discreet components, but is very easy today 
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when we can use the inherent matching in integrated circuits. The uncertainty 
of the bias point depended heavily on the variations in Vbe from transistor 

to transistor or diode to diode. The output of the amplifier becomes the 
Output gate. If the signal swing is insufficient then further amplification . 
is necessary especially if the slope of the gate edges is poor. For our 2.5V BP 
amplifier input, we know that the output will be a squarewave, Figure 9.11, 
centered around the 325 mV to 425 mV, but modified by the bandwidth of the 
amplifier. The more precise we want the gate edges defined, the higher the 
gain we require. With limiting it is not the output amplitude swing that 
defines the slope, but the gain divided into the input signal slope for the 
specified output swing. For example, if our gain were 100 and the output 


swing was limited to 2 volts then the input equivalent change would be 


2.V_ | | 
100 .02 volts for a full swing of the output. This then would indicate 


that the output gate edge would be similar to the time it took for the input 
to change from 365 to 385 mV if the amplifier bandwidth is adequate. With 
proper biasing the output gate levels could be made compatible with some logic 
family which would make the following ‘and’ gate simple to construct. 

The considerations then are the bias point stability, the gate edge slope 
and logic compatibility. There is a propagation delay consideration particularly 
when using multiple gain stages in series to obtain the required gain. 

The Schmidt version is not too much different. Positive feedback is 
provided to the bias -point in order to interfere least with the Full Wave 
Rectified signal figgutThe feedback resistor Re is connected between the out- 
of-phase output and the bias reference network. The percentage feedback is 


determined by the signal swing on the collector and the resistor divider 
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network to the input signal. This circuit is easier and cheaper since it 
provides a large gain, fast slopes and a more stable bias reference than a 
multiple amplifier chain required to get the same slope. Also a second 
advantage is the shorter propagation delay and freedom from noise while 


traversing the bias point. 


The differentiator may take several forms ranging from passive differen- 
tiator to active. Operational amplifiers are usually not suitable due to 
their restricted bandwidth. We can build discreet active differentiators 
fairly easily. Consider a differential amplifier with a capacitor in the 


Series feedback path or a resistor and capacitor. 


The gain equation simply becomes from Fig 97734 


2K. | _ ZRCS c > 
= Ke + 27 + rai ~ (e+ 2 Jes +- / ( Q 9. ) 


When rearranged, we can see both the zero at the origin, which we desire, and 
a pole which would be helpful to restrict the bandwidth related noise. There 
are other poles resulting from the internal transistor and Stray capacitances. 
The circuit “is inherently AC balanced in the emitter but does require DC 
current source balance and load resistor balance if output DC levels are 
important. 
The same circuit can be built using an inductive load with similar results. 
Here a single current source could be used if we wanted to. See Fig. 9.14. 
els 
Ke+ 2% 


(EQ 9.3) 


A 


Notice the absence of the pole. We do not escape as easily since all inductors 


have stray capacitance and series resistance. The Bode plot will show a roll 
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due to this capacitance and it will be second order with a zero close to the 


origin, but not at the origin. 


(6s +k) a ) 
A= 2 é 4+ +3 


Ke + 2te 


(EQ 9.4) 


af 


; ries +&) 
- (er festencs+) 


ee nee 


Some have tried to make the AC unbalance due to the separate inductors tolerances 
more balanced by winding the two inductors on a single core using bifilar 
circuits. If we were to use a simple RC coupling network as a differentiator 


we would have to contend with the attenuation. With the above amplifiers 


we can adjust the gain for a net gain instead of a loss. Of the two active 
differentiators considered, the first has a serious difficulty with DC stability 
if it is to drive a sensitive threshold circuit. The inductor version has a 
very low IR drop therefore is insensitive to variations in the current source 

or load resistor and current source balance. One way to retain the advantages 
of the first circuit is to add a balancing circuit to the current source and 
make the fol vowina stage differential with a large common mode input range. 
Balance is simply obtained by the use of a potentiometer in series with the two 


sources in one of several configurations. Some are shown in Figure 9.15. 


Regardless we can use a differential following stage to provide the 
limiting function. The emitter followers are required to minimize Miller Effect. 
The circuit shown in Figure 9.16 consists of a differentiator followed by a 


differential amplifier. Here we choose not to use a Schmidt trigger as we 
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want our output edges to correspond exactly to the center of the differentiated 
pulse peak which is the base line crossing out of the differentiator. The 
amount of gain required depends on the accuracy we require. If we were dealing 
with a sine wave input we could easily calculate the required gain. Assume 

the input signal were a (2.5 - .375)Vep sine wave, 0-180°, of 1.MHz timing 
or Tae" for 2.7/7 ns/degree. If our logic ‘and' gate had a minimum rise time 
of 5.0 volts in 5.55 ns then we should provide sufficient gain to make 2.0 


degrees of input signal at the base line equal to 5.0V logic level. Therefore, 


the minimum gain of the limiter and differentiator should be: 


A fannd promstenscaiegraatainent = 67Y peta - 3 
(2-5-2375) 26, 2° ) (EQ 9.5) 


Going back over our bandwidth restrictions for the collector load resistor, 
we should provide this gain in several stages instead of one. 

To get our gain we would probably require 
three stages. The gain per stage is +/67.4 or 4.06 per stage. We can do 
this fairly easily with basic emitter coupled amplifiers-similar to that shown 
in Figure 9.17. Because the input to the differentiator is single ended, we 
need another gain of 2. If the differentiator is designed for a gain of 2 
then we need 3 other limitors with a gain of 4.06 min each. The next problem 
we need to solve is the cascading bias required with DC coupled amplifiers. 
With discreet amplifier construction we could alternate NPN - PNP amplifiers 
and thus maintain a reasonable power supply voltage. This is probably the best 
way to proceed as AC coupling requires a knowledge of the low frequency band- 
pass requirements and hence the data code's spectrum. 
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Notice the timing requirement to center the propagation delayed dif- 
ferentiafed pulse in the Gate square wave. If the Gate generator used an 
equal number of stages of limiting gain then the delays should be about equal. 
This becomes more important when we consider that the input signal actually | 
varies in amplitude as a function of disc diameter (in disc machines/or media- 
coating variations. This variation must be considered when calculating the 
total gain required for both: 14m bers. The total gain must be calculated 
based on the absolute minimum signal from the head as modified by any 


intervening gain stages using their minimum gain. 


Let us go thru a design using the ECL logic family as our output. This 
is chosen due to the levels and speed but particularly the non requirement for 


cascading bias. 


Going back to our circuit of Figure 9.12, we can make a smal] change to 
make it compatible with the ECL family. See Figure 9.19. The change required 
is in the base bias network for transistors 1 and 2 with regard to the bias 
required on the base of transistor 8 and the improvement required to reduce 
the effect of power supply variations on the clipping level by using the diode 
D as a partial regulator. Notice also that the Differentiator does not care 
about the use of the clipping bias as it is AC coupled and will not be 
affected by the difference in DC potential as does the Gate Generator. We will 
choose the bias values such that the input signal swing will not permit 
saturation of the Differentiator and Gate Réhavatorcolieetor Stages. 

If the input signal maximum is 10.Vpp differential, the nominal is 7 .OVpp 
differential and the minimum is 5.Vpp differential we then know that the 


Full Wave Rectified signal is 2-5 V ppSE max and. I-25 Vo5_o- min. We will 
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retain our 15% clipping level. The bias for Transistors 1 and 2 should 
be: 
/ / (EQ 9.6) 
. t Verse 


Ce ae Emap 7 AV RABY = 3:70 V 


Choose -4-3V to allow for tolerances of 5%. The bias for Transistor 8 should 


be: TV PP dics _ j 
dei Pet | S&S Sor | 
aiov +154 mA (EQ 9.7) 


If we do this then we have built in a one diode drop margin for the 
collectors 3 and 4. If we choose the resistor divider network to operate 
off -10 volts and have current of 10.ma to maintain some stability due to 


base currents then: 


7 ‘ os ner VD wom 


- K,+&y = ¥3K (EQ 9.8) 
ld, ~—- 
R = = 439n (teoze ese s/t) (EQ 9.9) 
( 4‘): Orde | 
7 A 
Ry t b4sK- 439~ 7 LOK (Lowe 1008 } (EQ 9.10) 


If we allow 5 ma for the diode, a IN4448, we should have approximately 0.7V 
drop. This leaves 5.ma for Ro and R3 to develop 0.375 volts. 


R= Ecc de Se (Arve stim 1g) §FQ 9.12) 


$7. (Lovee Fb i) (EQ 9.12) 
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In order to minimize the disturbance to the bias due to base current variations 
in the operation of the Full Wave Rectifier, we should replace Rj with a 

4.3V 5% zener. This way all margins are met while maintaining a low 

impedance at the bases of transistors 1, 2 and 8. We now need to lower Rq to 
allow 20.ma zener current as well as allowing a higher current thru the | 
diode (10.ma). We can also add a zener at the bottom to control the current 


sources (see figure 9.20A). 


eon Ve Na TM vn 2S OT gegen Gene thal) 
eae Ls ~ eo es (EQ 9.13) 


The value of Resistors R2 and R3 should be halved to accommodate 10.ma 


instead of 5.ma. Let R2 = 24.92 and R3 = 43.22 


If we choose the CA 3045 transistor array we will obtain an added bonus of 
Vbe matching to 5.mv which will help. The 20.V breakdown between substrate 
and collector junction is adequate, as is the 15V collector to emitter 
breakdown. The base emitter breakdown needs examining for transistors 1 and 
2 as they will. see the full swing of the input during rectification. The 
maximum input difference is 5.0 Vpp SE or just equal to the minimum specified 
BVpbe for the devise. This is close but is acceptable. If the max input swing 
were larger we wou Id either have to find a transistor with a higher BVbe or 
use series diodes for rectification preceded by normal emitter followers 

in order to minimize distortion. We would also have to refigure the bias 

on the Gate Generator. Either way we are faced with a matching problem in 
‘order to minimize the unbalance of the rectifier halves. See Figure 9.20B 


for the variation . \ 
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Continuing with our design. We will choose the current for the emitter 
follower rectifiers based on the stray capacitance on the node A. 
Cr 2 Cw + Cos (2 +a) cae ee + Cy 


2 (0-604) + (0-58pXz v2) + 28% + lOve ~ menue (EQ 9.14) 


iT) 


For a 5.0 MHz sinewave input the requirea current must exceed 


25V ge se N 22-12 : 
( Qari) (73 xo emp 
Taree) ide 

This should operate well if we choose 3.0 ma to allow for rectifier 

linearity, capacitance and worse case variations. 

The current source 5 4 then becomes 

R z3 cee ~ Vise mas 2 eee = [ill Kio a (Aone btn 12) 

C55) = ae ee : 36) Red Pele (EQ 9.16) 


The collector resistors for both the Gate and Differentiator should be 
related to the Bandwidth. For our 5.MHz signal we need a minimum of 50.MHz 


Bandwidth in order to minimize phase distortion and amplitude reduction. 


l 


aft - ~ai/ . te 
| ead (EQ 9.17) 


, ne ee 
Ky -  4ré Cr . (2 at xo? 1-992 Mo 


Where Cr = (2+A(C,)) + Ces = (14)(.58pe) + 2.8pp = 10.92pe 


If we choose 200 we can obtain a 1.2 volt swing with 6.ma T5(6): 
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The gain becomes: 


Re LOO p 
as, fou a ew oe 


This gain is slightly higher than the 12 we assumed in equations 9.14 and 


9.17, but we have plenty of margin in both cases. 


The current source resistor should be: 


= = es SSD LIT (we S47 I/ 
; 6.9K rw COxw ” Pr W77 (EQ 9.19) 


Next we can choose an emitter follower resistor g 49 45° 16 to ae ee 


following limiter stages if we allow 3 ma again we could use 


~ V, =: Vows iyi25V — Osu ~L2¥ | 
V- mv ~ Vbe mas pucaee ee 2 GOK ( gsem 14) 
Nagas sn —<_ —————— = ie Seno 
gimme 3 Kio ae 
(EQ 9.20) 


The design of the differentiator is next. Going back to Equation 9.2we would 
like to place the pole at an order of magnitude above the highest frequency of 
operation Fie (We, may modify this later when we consider noise degradation. 


(The Rule of Thumb usually makes the phase angle equal to 70° at F,,). 


We would also like the gain at Fy to be such that the collector signal 
is linear and centered around -1.2V in order to drive the following amplifier. 
With a 2.5V peak rectified input signal we would require a gain loss to 
guarantee a linear swing. We can solve the dilemma by providing clipping at 
the collectors to reduce the amplitude swing while retaining the slope around 


the base line. A pair of back-to-back Schotky diodes (IN 5711) will function 
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well as they have no storage time constraints. (Figure 9.20C) Linearity 
in the emitter circuit is maintained by making the impedance and current 
such that neither transistor is cut off. For our 200a collector resistors, 
two 6.0 ma current sources will give us a -1.2V collector voltage on each. 


The emitter circuit must have an impedance at 5.0 MHz of greater than 


- 


~ Vou died oats = ee = % 33 ae min 
Pal 6-0 me 60x29 (EQ 9.21) 


If Xc is greater than 4332 then that will satisfy the requirement. 


—— = 2 7, 
C 5. 27 Fy Xe (27) oxo L $35 00%) = 7-33 KO Fads EQ97-22 


If we chose 62 PF then we should cover the worse case capacitor value 


since we calculated the minimum current source current at 6.ma. 


The gain at 5.0 MHz becomes . if RE = 0 
Ze 2( 200) 
~ 2 (tee Rm + —| a = 26 _ , $7 
) eee (= +s) Ty (2 4h sxof bene ,) (EQ 9.23) 
“ZO? ; 
SUb. / ~37- y° — O:77F [87:4 
The pole is located at 5 


| 
ee OF 137K) we on (37 MHZ 


We could calculate the degradation in phase due to the real transistor 


A 


(EQ 9.24) 


parameters using the hybrid TT model, but the frequencies are higher than we 


will be interested in (above 50 MHz). 


We can add current balance by using the potentiometer as part of the 
emitter source resistors. The remaining gain for both limiters needs to be 
calculated. For a minimum input signal of 5.Vpp Diff we have 1.25V pp of 


out of the rectifier to make this signal be a 1.V square wave with rise 
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and fall times equal to the logic families characteristics of }].1 ns then 
at 5.0 MHz 1.1 ns represents 


(Skea #2 ) (lel xo "sec ) (360°) = 1.98° 
Therefore 


1.0V 


Meee = (1.25) (sin 1.98?) = 


Z3°Y (EQ 9.25) 


This indicates that the gain already provided with transistors 3 and 4 is not 
sufficient. Since we also need to match the propagation delay of both 
channels and the gain of the differentiator is only .778, then we need to have 


the differentiator channel gain equal to 


[«Ov 


= = 29-76 EQ 9.26 
(2-778X 028 v) enn 1-98" | : ( Q 


pas 
We need a gain of greater than 29.76 to achieve the same accuracy. Since this 
gain cannot be achieved in one stage using a MC10116 line receiver as an 


amplifier-limiter then two will be used. This is because 29.76 < A (10116), 


The final design needs on'y two series MC 10116 line receivers for each 
channel. The output ‘and' gate can be a MC 10105 positive ‘or-nor' gate. 
Notice that this design is based entirely on a percentage of the nominal 
signal therefore amplitude plays a dominant role in the detection process. 


If signal amplitude is lost then data is lost. 


The waveforms should be reviewed and are shown in Figure 9.21. The 


Output pulse width is not controlled and may be equal to any value between 


10.16 


PUBLICATION INTENDED. ALL RIGHTS RESERVED. 


DETECTORS 


1.1 ns and 50.ns depending on the input signal amplitude. If the differentiated 
pulse is not centered in the gate then noise can occur at the edges of the gate 
due to the noise of the differentiafed signal. The clipping level may be 
adjusted to a different percentage of the nominal signal to change the width. 

of the nominal gate. To properly characterize the circuit a plot of pulse | 
centering as a function of amplitude should be made, also as a function of 


frequency at certain fixed amplitudes. 


This completes the design of a detector that can handle signals in the 
left hand portion, Region 1, of the bit density curve. 

There are a large number of circuits that could perform this function 
depending on the availability of components and integrated circuits. In. 


putting together the circuits for each block, all we need to consider are the 


various interfaces, their voltage, current and timing requirements. 


Now what of the other areas of the bit density curve? We can evaluate 


them by looking at the waveforms in each area for a string of random data. 


In Region 2 the signal is modified due to the pulse interaction at the 
higher densities. Resolutions can go down to around 70%, meaning that for 
three transitions in a row, but isolated on either side, the center pulse 
barely crosses the base line. This is illustrated in Figure 9.22. Similarly, 
we show the triple pulse waveform for. each of the four Regions. If we were to 

use the detector we have just designed for Region 2 signals, the clipping level 
would have to be lowered to such an extent that the base line noise would pass 
thru. Or in other words, the minimum amplitude of the center pulse is less 


than the noise. In terms of clipping level percentages in Region I we could 
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have a clipping level range of from 50 to 15% or 35% where 50% represents 
the value where we just lose a pulse and 15% of the level where we just pick 
up the noise. In Region 2 this range becomes negative; in ether words, the 
clipping level value for loosing the center pulse is below the value to pick. 
up noise. | 
Since we must operate some detectors in these other regions, we will 

discuss methods for accomplishing this. The first clue comes from the way 
we visually determine the position of a transition pulse. Each pulse has | 
some leading slope, some zero slope peak, a trailing slope of the opposite. 
polarity, and some peak-to-peak amplitude difference. In Region I the amp1itude 
is always in reference to the base line therefore some fixed or moving reference 
around the base line will suffice. Here in Region 2, or worse, the Base Wine 
becomes a moving target depending on the transition pattern. We can take two 
approaches. The first is where each signal peak is clamped to a reference and 
the amplitude is measured opening a gate if the signal exceeds some delta. 
Clamping is achieved by a diode as shown in Figure 9.23. As the input signal 
approaches its positive peak, the capacitive current is shunted to ground thru 
the diode then as we pass the peak this current reverses, the diode paverse 
biases and the RC time constant is restored. This allows the negative slope 
of the signal to be measured by the comparator. This voltage is chosen to. 
represent some percentage of the signal. As can be seen there will be a time 
delay before the gate is opened following the true peak or transition center. 
This must be allowed for in the design. Further problems are the forward bias 
of the diode and the capacitance on that node. The main problem though is the 
non-uniformity of the pulse amplitudes. If the second positive pulse were of 
a lessor amplitude than the first then the circuit will not clamp to the second 
peak. All of these problems are addresssed in the design that follows. 
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The choice of the coupling capacitor is dictated by the stray capacitance 


of the following network. If C is very large compared to the stray capacitance 
then we have control of the signal transfer. Secondly, if the diode drop is 
small compared to the signal peak-peak amplitude, we retain control. Also, 

if the diode has very short minority carrier life time, this also helps 

reduce the switching time between the forward conducting clamp and the peak 
following long RC time constant Another problem is the variation in amplitude. 
This can be solved by taking advantage of the alternating nature of all read 
signals polarities. If we provide a deliberate positive current during the 
periods of time immediately following the eonnanaeor sensing level, we can 
ensure that when the waveform again changes to a positive slope there will 
always be sufficient charge to clamp during the positive sloped portion of 

the signal. This is illustrated in Figure 9.24 where the point B represents 
the point where the second half comparator operates and point A the first 
sensing point. All this clearly shows that two such circuits are necessary 

to cover both positive and negative (positive on the opposite half of a : 


differential signal). 


Consider our 5.MHz He signal we used earlier. The diode should be a hot 
carrier type to eliminate the minority carrier lifetime and thus speed up the 
reverse recovery of the diode. If the forward drop is 0.4 volts then our 
Signal should be 10 to 20 times this value or 4-8 Vop min. Let us choose 
10.Von diff aS an amplitude requirement nominal. If the stray capacitance 
is around 10 PF then the coupling capacitor should be large or 20 - 100 times 
that value or lets use 1000.PF. -The value of R should be such that it is 
large compared to Xc at the lowest sinusoidal frequence (F, ) of interest. If 


that were 2.5 MHz then let 
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lo ie, 2 
a. 3 as ——— LT 6-366 Kro0 “a 
R= 10% = ore ¢ (2 1H2- 5x02 15 "F) (EQ 9.27) 


Let us choose 6812 as a standard value. This forces the driving impedance | 


to be less than 602 which we can obtain by an emitter follower. 


Because the signal at the comparator input is less than a few volts, 
it is well within the capability of an ECL line receiver. The basic design 
is shown in Figure 9.24. If we choose a comparator reference of 15% of the 


5.OVpp-SE Signal nominal then the comparator should be set to 


-2y te — (0usf(S90) = -Iu «Owen = ory = 175% (EQ 9.28) 


Ve = 


In order to try to keep this value close to the 2 aide reference, which we 
provided in order to keep the comparator signal within the range of the line 
receiver, we should make them part of the comparator reference. If we used 

a simple resistive divider as part of the negative supply to the diodes, then 
we maintain control and the comparator reference becomes relatively insensitive 


to the diode drop variations. The PNP switch should supply a current to the 


clamp equal to that expected from the signal. EO SOS. tee 
6 - Vst6 (f-5é x Baas => 7-3e ma 3 
R gi (EQ 9.29) 


Let us choose 10 ma. The bases of the PNP switch must be driven from a level 
such that the collectors do not saturate. The standard ECL levels are 
-0.81 max Hz and -1.85 min low. Two diode drops will guarantee a voltage 


more negative than the collectors. The IN4448 diode shows a minimum drop 
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of 0.62 Volts at 5.ma; therefore, the two extremes will be (wease.case most 
positive) - | 


PNP on (EQ 9..31) 


yocs -basy _ 2 (0620) = - 3-09" 
i 


Now all we need to do is guarantee a minimum of 5.ma thru the diode. Using 


a -5.2V + 5% power supply, the resistor is calculated from 2 


Cos w Sus | (EQ 9.32) 


If we used 3002 , we have plenty without exceeding the current from the logic. 


Now we know the current supplied from the PNP switch was chosen at 10.ma. 


_ The emitter resistor can be calculated as a nominal or we car; ensure worse 
case that we have our 7.34 ma -- let us do the latter. 


ee | See Vie max (16 - 0-78 — 2°9V — OGY (EQ 9.33) 


R, = 


F.3¢K008 > 7194 Ko 

: 25253 Morn * (herve 2ueK 42) 
We can now calculate the current required to maintain the two diode -1.4V 
reference as the PNP ‘switch current subtracts. Using a -5.2V supply and a 


10.ma residual current for the diodes we get 


Vewae: + Vs PAE ons 3 Vee iad | 19-75 e385 Vm O-OosV 
al Ae es 7 212M” (EQ 9.34) 
ma 
= 1k fates 
Therefore the resistor total required from -5.2V is . 
\V. meas ™ 2 (Vy naz) 2 geqey —2(abzv) . (eStx 
[8-9 ma - 1-89 x00 e (EQ 9.35) 
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of 0.62 Volts at 5. ma; therefore, the two extremes will be (woase. case most 
positive) - — . | 
Vins -OSlV + sie bev) = <2aPV (ne ae (EQ 9.30) 
Yo ce -basy 4 2(0-62") = aeor min PNP on (EQ 9.31) 
Vigway Se? Pe (. #9v) = —-05 max S 


™_ 2 we need to do is guarantee a minimum of 5.ma thru the diode. Using 


ue ov + 5% power supply, the resistor is calculated from 


U“sc7S + Gl oe 
(Ve SD)— Ve, ener FUE IEK way 
i ae cus * (EQ 9.32) 


uae (OK 


| [ok 
If we used 362 , we have plenty without exceeding the current from the logic. 
‘iam & he fall down Coteenr tp AAS t sy 


(Lop joen = LO.) mo 


Now we know the current supplied from the PNP switch was chosen at 10.ma. 


The emitter resistor can be calcu‘ated as a nominal or we can ensure worse 


case that we have our 7.34 ma -- let us do the latter. 


06) 
Ve me + Vinwwoe = Vbe mee — (i6- 0.75) + Bt — Oty (EQ 9.33) 


7. Sexo 7+ 34 we 
Pm [SK 
= 2p Mo? sn: . (Lovee eer 2) 


We can now calculate the current required to maintain the two diode -1.4V 
reference as the PNP ‘switch current subtracts. Using a -5.2V supply and a 


10.ma residual current for the diodes we get Z 
of 


 Vemat + Vi mete = Vbq mun 15:78 y tA VA OEY 40, 0 
ad ° 
—t 10 t€8tSOmn SF 12:9 me 
Therefore the resistor total required from -5.2V is . 
Ven = 2(Voan) — -atev na (entee) | 200 a 
(6-Bn. ~ [6G nee | (EQ 9.35) 
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To get our reference for the comparators we need to find 


\ 
ae +2 (OQ-beu) O.51 


[39 Kio 


(EQ 9.36) 


This leaves 


195.7 - 26.52 = 169.2 remaining (choose 1699 1%) 


Now we have a squarewave resulting from the amplitude sensing of the negative 
Slope following a peak. We need to '‘and' this with a delayed pulse representing 
the absolute peak. But now we need a pulse representing each peak separated 

as to polarity one for each side. Note also that the Gate is now the total 


width of the transition spacing instead of just a pulse which goes away after 


the amplitude is lost. We need a circuit that accepts the first pulse and 
ignores any following until the change in polarity is sensed. 
We wait now design the rest of the detector to go with the Gate Generator 
we just designed. The differentiator is’ similar to the one we designed for — 
«the Region 1 detector only we will drive the two bases differentially instead 
of from a rectified signal. This way we retain polarity sensing. If we choose 
the base bias of -5.volts then the entire design can be repeated except for 
a stage that follows the limiting amplifiers. Notice our preoccupation with 
ECL compatibility. The differentiator outputs an edge for each zero crossing 
with undetermined edges in between due to the signal returning to the noisy 

| base line of our example in Figure 9.22. This edge is unipolar for each 
peak of the same polarity thus we can separate the pulses. A circuit for 


generating these pulses is called a split Bidirectional Single Shot. Although 
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not a true Single Shot the input timing makes it behave that way. It takes 
advantage of a single capacitor in the emitter feedback path just as in our 
linear differentiator only here the transistors are either conducting or 

cut off which makes it an overdriven differentiator. It functions by forcing 
the emitter current source to flow SNTO the capacitor until its charge 
changes such that the transitor bias changes to a forward bias. Figure 9.26 
shows the waveforms. The collector 7 current changes from the source value 
to zero on cut off while the capacitor is changing its charge. When the 
emitter 7 voltage falls to the value necessary to turn the transitor 7 back 
on increasing the collector 7 current back to the source value. When the 
opposite edge occurs the current which normally flowed thru the transistor 


8 now flows thru transistor 7 as well as its own source current, thus doubling 


the collector 7 current until transistor 8's bias allows it to turn back on. 
Because of the double collector current, a pair of clamp transistors 9 and 10 


are added in order to keep the collector 7, 8 out of saturation. 


The design follows the ideas presented in the waveforms. Let us choose 


a current source of 10.ma in order to maintain circuit speed. 


- ~me —_ meat ae / onan , ee 7 0. 
R = Vem ~ Vissi W min — Vow mar _ “fer oe oF Key 9.37) 
= Slla (Aevec 3Oln (2) 
If we want a minimum pulse width of 50.ns, then the capacitor should be larger 
than | : yore r 
sil | > - ° ¢ 
(I -gp)(T-) Poa oe sige 
< - eel = = Lee” Ree (EQ 9.38) 
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not a true Single Shot the input timing makes it behave that ia. It takes 
advantage of a single capacitor in the emitter feedback path just as in our 
linear differentiator only here the transistors are either conducting or 

cut off which makes it an overdriven differentiator. It functions by forcing 
the emitter current source to flow NTO the capacitor until its charge | 
changes such that the transitor bias changes to a forward bias. Figure 9.26 
shows the waveforms. The collector 7 elinenecuances from the source value 
to zero on cut off while the capacitor is changing its charge. When the 
emitter 7 voltage falls to the value necessary to turn the transitor 7 back 
on increasing the collector 7 current back to the source value. When the 
opposite edge occurs the current which normally flowed thru the transistor 

8 now flows thru transistor 7 as well as its own source current, thus doubling 
the collector 7 current until transistor 8's bias allows it to turn back on. 
Because of the double collector current, a pair of clamp transistors 9 and 10 


are added in order to keep the collector 7, 8 out of saturation. 


The design follows the ideas presented in ‘the waveforms. Let us choose 


a current source of 10.ma in order to maintain circuit speed. 


va — Home ee iy ma L , ‘ait * 0.53 Y 

R _ av Vinee Woe Z G'T4y ae g EQ 9.37) 

3S mar [0-9 ma 10 

= 3 ifn (Aevee 3Ol xn (2) 
If we want a minimum pulse width of 50.ns, then the capacitor should be larger 
than - 
-i/ 
C = = 7-¢h Kto feo (EQ 9.38) 
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We should choose 75 to 82 pe since the pulse time is slightly altered by 

the transistor current as the off transistor starts to conduct. The collector 
load resistor is chosen to give greater than an ECL logic level change max of 
1.85-0.81 volts or 1.04V; let us choose 1.2 Volts at 10 ma. The two resistors 
associated with the clamp are set to develop 0.6V across the emitter-base 
resistor and 0.6 voltsacross the base-collector resistor at 10 ma; therefore, 


they should be 602 each (choose 60.49 ). 


The remainder of the circuit is built using ECL blocks. The circuit for 
ignoring subsequent same polarity pulses is simply amRS latch followed by a Bj-. 
directional Single Shot. The only difference to the design from the Split 


Bidirectional Single Shot we just designed is when we tie the two emitter 


followers together thus performing the positive dot or function. We will use - 
300.resistors for the emitter return resistors as we calculated before. The 
delay line should be inserted in the limited differentiated signal path 
preferably between the two amplifiers in order to preserve as much symmetry 
as possible. A differential delay line is preferable. | 

Now that was a lot of circuitry but we had to perform the functions required. 
To summarize, we needed a Gate Generator capable of operating on peak-to-peak 
differences instead of a base line related reference. The circuit chosen 
introduced an amplitude dependent delay and a bidrectional gate equal to the 
timing between epanedeton: plus or minus some error. This forced the pulses 
resulting from the limited differentiated signal to require a delay and to 
have separated positive and negative peak sensed pulses. We solved both these 
problemswith a differential delay line which maintained most of the symmetry. 
(If a single ended delay line is used then the symmetry can be recovered by 
careful adjustment of the bias of the following differential amplifier. Note 
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that a gain of 2 is lost by going single ended and back to differential. ) 
The separated pulses was obtained with a unique circuit called a Split 
Bidirectional Single Shot. We gated these two polarity-determined-pulses . 
and gates thru an AND' circuit. The noise related pulses that might follow 
the legitimate ‘peak' pulse were ignored by setting and resetting an R.S. 
latch with the first pulse thru the gate. (Subsequent pulses do nothing.) 
The data is now in square wave form, an edge foratransition, just like the 
write current was which was used to write the data. This was converted back 
to Return to Zero Pulses by the use of another Bidirectional Single shot 
only this time with a positive dot ‘or’ output. When testing this circuit 
the delay must be adjusted to permit all acceptable signal amplitudes to. 


pass without altering the time of the peak sensed pulse. Alteration may occur 


if the peak sensed pulse split the edge of the gate. The comparator sense 
level may be lowered if the noise related to a base line is absent. This may 
occur if the low frequency signal is high enough to keep the entire bit 
density within the poor resolution areaof the Bit Density Curve. The above 
is strictly a function of the code used and will be discussed in a later 


chapter. 


A second Region 2 detector can be built using a simpler Gate Generator 
if the code guarantees that the signal will not return to the base line. 
The rest of the circuitry essentially does not change. We could say that a 
Region 2 detector is the most complex of all the possible detectors. The 
variation is simply to alter the signal by passing it thru a lead network, 
not a full differentiator. The reason is that there exists in Region 2 a 
partial shoulder on the lowest frequency signal which, if differentiated, 


produces a droop. It is this droop that is noise'sensitive. If noise enters 
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the signal, and it does, the slope of the shoulder is changed either to zero 

or oppositely such that a zero crossing is obtained which results in an erroneous 
output pulse. It is this shoulder caused droop (Figure 9.27) that forces 

code related bandwidth limited Region 2 signals to still require a Gate 
Generator. Such is the case with the industry wide MFM code when used in 

this region. If we use a lead network instead of a,differentiator then the 
droop is reduced and the output can be limited to create a polarity related 

gate. We still require thendifferentiator because we need the precise time 


of the true peak. A lead network would distort the pulse timing. The circuit © 


is shown in Figure 9.28. 


The shoulder can be shown to contain considerable 3rd Harmonic. 
The lead network need only attenuate the third harmonic to achieve the desired 
result. Let us design for a Fy of 2.5 MHz. We want to reduce the differentiafed 
3rd harmonic by 6 db more than the F, signal. This, of course, depends on the 
amount of shouldering we have on the lowest density signal. The pole associated 


with the network can be established from 


Ke -jXe «+ 2v0e lf (EQ 9.39) 
' Ke z 4 om, | 
Re ~/ 5 * 3 evo L= (EQ 9.40) 


~_ 


The 3rd harmonic gain of the differentiator is 3 times the gain at the 
fundamental; therefore, we want half of that to get our 6 db loss at the 


3rd harmonic. 
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mee Ke a a wt Ke 
ZG — ae Ke ~A % KE 
(EQ 9.41, 2) 
: mm wi Xe 
Ke = Roo me = 20000 (Ca. 4) (EQ 9.43) 
. = Xe 
Reo te 2 290 4 (Gn 2 ) (EQ 9.44) 
Ci. @ , 
la. 
-ffe-! Ke 
he = Ke 133-33 ac (Cin a (EQ 9.45) 
: a 
Cao, «x 
adipnt “1 x 
Re = 400 Lin (te. oo (3333 4a (G. Ys) (EQ 9.46) 
——— . = ; 
Xe Ke 
a ewe 
, wl Xe 
= ee Sr eg Ae ee ee 
| as Ke 
. “1 Xe fa ~l Xe (EQ 9.48) 
ROD Amr ‘Ce: = Geo 2a (G, a) 
,; 4. Pee Ke : -~-f Xe (EQ 9.49) 
oe ecm (Ca. 2 ) me. ieee ee (fe ee) 
~i . fxr EQ 9.50 
an (Ga) 2 22a (Ge 8 — 
a 
Substituting the identity of tan7! a = sin-t4/ 1+ A* (EQ 9.51) 
pat A A 
-l ae . § al 2 
we can get sin(sin JIE) = 2 (sin{si 3) + + ) (EQ 9.52) 
A 2- A 
q 
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or =O - 4/3 | (EQ 9.54) 
3 = 1.2909944 
* tan74A = 52.2387569 = 6 (EQ 9.55) 
tan-1 3 23.2837319 = a (EQ 9.56) 
Xe = 200 sin 52.2387569 = 158.11 Q | (EQ 9.57) 
Rp = _108.41 = 122.47 2 CEQ 9.58) 
tan 52.230756 
for proof we will verify that ze produces 133.33nat 23.3830 
Our capacitor is 
| | 
C p= z TH aesnro ne} $51») = 4:02KMO Bw, (EQ 6.60) | 


Choose 390 PF. 


The resistor becomes, using our 6.0 ma current source, 
Lo 
R= iy ares — 2( +s) = [IO3:tAan (‘home (90~ } 
All other circuit values are as we calculated them before. 


The limiting gain required for a 5.0 V.. diff input signal is from EQ 9.25 


pp 


ae 1.0V | 
a (1.25Vp5 cE) (sin 1.98°) = 23.4 as before 
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23.4 
Therefore we need 2 = 11.7 in the following stages. 


The MC 10116 has a minimum gain of around 8; therefore, we need two series 
stages as before. This circuit fis less noisy due to the clamping operation of 
the first circute for Region 2 but,as stated before can only be used with 


Signals that do not return to the base line between transitions but have 
Co0Q AlLTELATIVE Wwovrd BE To AQAA SEL WATE 


a reasonably smal] ee sah asa ent cans Ro oF THE YTHARMONC Contenr 
Eir7eR PRIOR To THE . 
Tuus Moouce A LES es GATE SE FE 9:28 A For THE BlocK PiAchanr . 


The circuits of Region 3 are are far simpler, in fact, they are the 
cheapest of all. The drawback is, of course, the much poorer resolution 
and the attendent bit shift. We did discuss ways of reducing the bit shift 
by using Write Precompensation, but in this region that method has diminishing 
returns due to amplitude loss. We will discuss,other methods of compensating, 


but they are restricted to certain codes. 


- 


The block diagram is simply a differentiator followed by a series of 
limiters and a Bidirectional Single Shot. No gating and no need to line 


up pulses in the gate. See Figure 9.29. 


Again we will consider our 5.0 MHz, 10 Voy max’''? Iinear input signal 


only we will drop down to 1.0V ¢ for the minimum. This is consistent 


pp dif 
with practice in this region. The differentiator is the same as before -- 

THE BLocn 
we do not need to change a~th+ng (except remove the delay line from the Region 2 
version). All design criteria is the same since we want to use ECL logic. The 


only thing we need to do is to refigure the total minimum gain required. 
(EQ 9.61) 
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Knowing the gain of the differentiator is 778 49,.9° from EQ 9.23, we 


require 
i = 148.8 in the limiters (EQ 9.62) 


This is too much for two limiters with a gain of 8,each therefore we need 3. 


YJ 
The spare gain then, 214 = 3.4 more than we need, but it does not hurt at 


148.8 


all since the signal is limited. 7Hf Kémamvee oF THE Cidcuiixy caw BE PEWTEC Ar 
to THOSE Al LaDy DESICWES Suc AS THE BIPhECTIONAL = StwbLE SWOT. Foe PWCSE Wwotkiwe Ww THE 


Tel Fancy THE 87 29 PKOWI0ES Tite tleuTne ANP Bi MiLlttTowte Stybtl SHOF Furctens, 
In Region 4 the detector is the same as in Region 3 only the bit shift 

or peak shift is so bad that other methods must be used to determine the presence 

or absence of a peak in a particular time slot or bit cell. This will be dis- 


cussed when we talk about clocking circuits. Aas AETERWAMVE Of covasE Cf Fo Ose 


Purse SummivE Fil TCS Awe OE S06NW Eclat EA. fot. KEGAN 2 OR 3 JEL ENEPIWE sd MOnmw Ate 
NONE DECKADAT ON =C4NW bE Tot ERATEO . 
There is no reason to assume that the preceding circuits could not be 


designed to interface with TL logic or any other logic family and most 


were prior to 1965. 


Another type of detector ts used in Region 2, particularly the right hand 
side of Region 2. As can be seen the shouldering which is due to 3rd harmonic 
content is worse to the left and better to the right wick, is opposite for 
bit shift. We can take advantage of the lesser shouldering by introducing 
a circuit that is tolerent of some shouldering. Refer back to Figure 9.27. a 
As can be seen, the worry is when the noise content carries the differentiated 
Signal back across the base line thus generating a false bit. In the circuit 
of Figure 9.308 a delay line has been added in cevies with a Bidirectional 
Single Shot and applied to the clock of a 'D' flip flop. This then provides 
a clock for each zero crossing regardless of its legitimacy. The operation 
can be deduced with the aid of Figure 9.308 
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he ‘ . 
Knowing the gain of the differentiator is .778-89.9° from EQ 9.23, we 


require 


aE = 148.8 in the limiters (EQ 9.62) 


This is too much for two limiters with a gain of 8 each therefore we need 3. 


is 
‘The spare gain then, 216 = 3.4 more than we need, but it does not hurt at 


148.8 


all since the signal is limited. | ; 


| In Region 4 the detector is the same as in Region 3 only the bit shift 
or peak shift is so bad that other methods must be used to determine the presence 
or absence of a peak in a particular time slot or bit cell. This will be dis- 


cussed when we talk about clocking circuits. | 


There is no reason to assume that the preceding circuits could not be 
designed to interface with TAL logic.“or’ any other logic family and most 


were prior to 1965. 


Another type of detector is used in Region 2, particularly the right hand 
side of Region 2. As can be seen the shouldering which is due to 3rd harmonic 
content is worse to the left and better to the right which is opposite for 
bit shift. We eanceare advantage of the lesser shouldering by introducing 
a circuit that ie eolerent of some shouldering. Refer back to Figure 9.27. 

As can be seen, the worry is when the noise content carries the differentialed 
Signal back across the base line thus generating a false bit. In the circuit 
of Figure 9.304 a delay line has been added in series with a Bidirectional 
Single Shot and applied to the clock of a 'D' flip flop. This then provides 

_ a clock for each zero crossing regardless of its legitimacy. The operation 


can be deduced with the aid of Figure 9.308 
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As can be seen if the delay is established to be greater than the noisy 
droop area A and less than avea B or the certainty area then the ‘D' flip 
fiop will reproduce the limited signal, delayed, without the noisy area for 


a noise generated clock will just clock in the same polarity. 


A < Delay < B (EQ 9.63) 


The engineer must be able to guarantee the above equation for all head - disk 
variations over the proposed production. The remainder of the circuit follows 


as before, with the use of a Bidirectional Single Shot to generate RZ data. 


There is another form of differentiator that can be designed that provides 


a@ poorer response to the third harmonic than the more traditional differentiator. 


Usually high frequency roll off is provided at the expense of true differentiation 
by placing the unavoidable pole such that the phase angle at the highest frequency 
is 70°. For example, in a system where 


Fy = 2 FL we choose Xc of the differentiator as 1002 at Fi 


therefore 


OOx« 

, e 2s 2 Fee a (EQ 9.64) 
EreiTTE sR, Five = aon 70O° 
100 

_ = 36374 (EQ 9.65) 
epecetge 6s, 72 

| iS cs (EQ 9.66) 

‘ ; (EQ 9.67) 

Oo nel = ; — 
Z emurrEr 3, = a | ae (Car! izy )=7s 75 
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; e 203-25 
foragain fF lt 3h af ee 


(EQ 9.68) 


Then we can see the worsened effect of the shoulder. 


The new differentiator 
produces a fixed phase angle of +90° with a sine function in magnitude that. 


can be judiciously placed to our advantage. 


This circuit was invented by a student named TSAI HWA CHEN* in response 
to an engineer's complaint of the foregoing effects. 


Mr. Sordello provides 
the following derivation from figure 9.3!: 


e’"_e 
From the identities 2u.9%= 


(EQ 9.69) 


(EQ 9.70) 
~ Jw 
Vez Vw (i-e ) (EQ 9.71) 
V2 Sjaor ~jul a 
7] = Fe / = /-2e2. ° Cc ( searnnaze ) 
tal 
= rd “ie het 
eit CON CE es 
(EQ 9.72) 
fe? -jer ae wT 
7 — <j ; wT ~ L— 
=2j)(€*-e* = 2 jem = . = 
a/ 


*"Use of delay tines in Reading Manchester Codes," IEEE Trans. on 
Computers, Vol. C17 = #9, Sept. '68, Pages 827-845. 
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which is a gain with a sinusoidal response at a phase angle of 90° and delayed 
by 5: 
If for a Region 2 system where Fy = 2 Fi we can choose to place 


a (6 %7-32 a) 
Fu at 2. then PGs : 


WaT _ 7 
—— = = (EQ 9.73) 


— 


Where W, = 27T Fi. then we can calculate the delay required. 


| | 
ZU ied. Wa eo OP ee (EQ 9.74) 


2 vA 


This says that at 3F, and at F, the magnitude response is 0.707 or 
L L 


TF, 7 T 3 17 
Coe, ae ee er ee = (EQ 9.75) 
a a 2 


Using this.circuit the gain at SFY becomes the same as at Fy for a 
l 
2.676 improvement over the older method. 

Because the accuracy of the peak itself in the presence of the 3rd 
harmonic is enhanced the limiter stage gain needs to be raised by 2.676 or 
more when using this differentiator due to the reduction in the 3rd harmonic 
content. A second filter is required in order to suppress the higher lobes 
of the magnitude response. This filter precedes the differentiator. 

The differentiator circuit is shown in Figure 9.32.4 

The delay line is placed across the collectors thus producing the 


function of subtraction differentially. The collector resistor load 
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is fixed at Zo of the delay line thus absorbing reflected energy either 


way. 


This concludes the chapter on detectors. 
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is fixed at Zo of the delay line thus absorbing reflect: 
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The linear amplifiers are used to provide the linear gain between the 
preamplifier and the detector. They include stages of gain, selection, filtering, 
phase correction, AGC gain control, and signal shaping. This chapter will deal 


with all these circuit functions. 


Reviewing the block diagram, Figure 5.1, we can see the placement of these 


amplifiers. Figure 10.1 shows a typical functional block diagram. 


We can now discuss the type of amplifier required based on what we know 


about the detector requirements. All detectors that include a fixed amplitude 


reference as a criteria for opening a gate require Automatic Gain Control (AGC) 


such that the input to the Detectors remains within some bounds. Those that 

do not have a fixed reference for the gate and those with no gate do not require 
AGC. There are some circuits that use a amplitude determined reference for the 
clipping level instead of a fixed value such-as we used in Figure 9.19. This 
could just as easily be sepaved from the input amplitude by adding a filter to 


the diode isolated Full Wave Rectified signal such as is shown in Figure 10.2. 


The dynamic range of the Detector input would be wider due to the variations 
in head signal and amplifier tolerances. The AGC restricts the dynamic range 
of the detector input to a more reasonable value which reduces the amplifier 


power dissipation associated with very large signal swings. 


Detectors in Region 3 do not require AGC. They do, however, require a 
very large gain but most of this can be in limiting stages as previously 
discussed. The Bandwidth of the Linear amplifiers requires careful control in 
order to properly pass the head signal while eliminating extraneous noise. They 


are also called upon to correct for non linear phase delays and to provide some 


spect “A oe 
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spectral shaping in some cases. The code used determines the width of the 
Bandwidth while the data transfer rate or transition rate determine the upper 
fundamental frequency of interest. Most codes have a DC content thus any AC 
coupling after the differentiator is detrimental to the bit timing. This 
occurs as the base line moves to make the area above and below the base line 
equal. When this happens the zero crossings are lost resulting in time 

shifted crossings. You will notice that all the designs of the differentiator 
that we discussed in Chapter 9 are DC coupled with balancing circuits, to elimi- 


nate offsets, following actual differentiation. 
AC COUPLING 


The linear amplifier, however, can be AC coupled as long as the low. 
frequency cut off is below the frequency at which there is significant energy. 
This raises a problem as the T of such coupling circuits is large making 
recovery from a DC transient or shift very long. We have this problem any 
time we change heads or when switching from a Write to a Read. If T were 
10 us then for the base line to be fully recovered we require 50.us or 57. 

We can take advantage of the common mode rejection of a differential amplifier 
for common mode shifts in DC level, but unfortunately almost all transient 
shifts are non symmetrical therefore differential. We must reduce this 
recovery time substantially as it forces an increase in the formatting time 
lost between records. There are two circuits that can be used that reduce 

7T for the duration of a switching transient yet allows the full T for data 


handling. These are shown in Figure 10.3A and B. 
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In Figure 10.3A a chopper transistor is used in the inverted connection 
to short the coupling resistor for the duration of the transient. The charge 
on the coupling capacitor then can quickly reach the level required. After 
just a few microseconds the base drive is removed restoring the T of the 
coupling circuit. The emitter follower pull down current must be great 
enough to charge the capaCitor to the most negative transient value within the 
allotted time. Care must also be given to the emitter current - base current 
curves of the chopper transistor as there is still an offset, but this should 
now be common mode therefore the recovery from the chopper offset appears 


much shorter and less noticeable. 


The second circuit shown in Figure 10.3B uses a Fet as a voltage controlled 


resistor. There are two pore vaghocsens associated with its use. First the 


drain voltage of the transient may force the Fet into the current source mode 
which is past the knee of the Vp - In curves which increases the recovery time; 
and second, the capacitive coupling of the gate switching transient to the drain 


can leave an undesirable transient, butthis is also common mode or nearly so. 


The T of the coupling circuit must be at least ten times that for the 
lowest fundamental frequency. This must include the effect of all the series 
coupling capacitors, base and emitter, up to the bases of the differentiator. 


For example, if we had 5 such coupling circuits each with a‘ of 10.usec Peon F 


then a single one would have a -3db frequency F, of 15.91 KHz, but 5 in series 


~—s a See we te 


would be down 15 db at 15.91 KHz. The real -3db Mou would be 
(F oe ra 


* ee Eames =a ta EQI0- ) 
UPPER FREQUENCY ROLL of a=) (FE ASKS) ). anos 2(¢ 


The upper 3db roll off is controlled by the upper transition rate. \ 
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In Figure 10.3A a chopper transistor is used in the inverted connection 
to short the coupling resistor for the duration of the transient. The charge 
on the coupling capacitor then can quickly reach the Tevel required. After 
just a few microseconds the base drive is removed restoring the T of the 


NEN 
coupling circuit. bili follower pull down —— — be great 
feso 


rdisc 
enough to charge, the ‘capacitor to the most negative deasccent value, within the 
; allotted time. Care must also be given to the emitter current - base current 


curves of the chopper transistor as there is still an offset, but this should 
and ol bowl MAG wie be 

now be common mode,therefore the recovery from the chopper offset appears 

much shorter and less noticeable. CHaveing THE TYPE CF BatT TR Keel ow ng 

AllOws REVERSAC CF THE fomintuT THAVSIENT DIMO ati ans 


The second circuit shown in Figure 10.3B uses a Fet as a voltage controlled 


resistor. There are two considerations associated with its use. First the 


drain voltage of the transient may force the Fet into the current source mode 
which is past the knee of the Vp - I, curves which increases the recovery time; 
and second, the capacitive coupling of the gate switching transient to the drain 


can leave an undesirable transient, butthis is also common mode or nearly so. 


low Ck fon 26 off 
"The T of the coupling circuit must be at least ten times that for the 


lowest fundamental frequency. This must include the effect of all the series 

coupling capacitors, base and emitter, up to the bases of the differentiator. 

For example, if we had 5 such coupling circuits each with a7 of 10.usec Fe ga7 
then a single one would have a -3db frequency F, of 15.91 KHz, but 5 in series 


would be down 15 db at 15.91 KHz. The real -3db Petals would be fo’ ae 


age —, te nie = aa 


~ 
— 
2. 
e 


(fs sdLan { oc! Eran =|" arf a =4 aco sr \is0i)_, 2 (E8101 lorl 
° UPPER FREQUENCY ROLL OFF 22” pags GeXs) i. yia2 


The upper 3db roll off is controlled by the upper transition rate. > te 
F 4db REO 


, © fe ee) | : 11.3 
Fwvco = lan ( on" (-Zorsz)) ea FQ (Ol A 
—_ 


dle 


Y 


PUBLICATICN aNTENDED. ALL RIGHTS RESERVED 


LINEAR AMPLIFIERS 


UPPER FREQUENCY ROLL OFF (Continued) 


Generally, the -3db point: occurs near 1.5 times half the transition rate. 


This iS necessary as we need to include the harmonics oe with the 
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shoulders. The degree of roll off should be a function of ‘the noise epee eam 


and usually is between 18-24 db per octave. A primary consideration is the 
9R 600 DELay 


effect on phase Pineneet eric we will discuss shortly. The type of filter 
depends on the amount of roll off required, the amount of phase correction 
required and the degree of signal shaping required.. Most amplifiers use 
either the Butterworth type filter because of its maimally flat magnitude 
response, or the Butterworth Thompson filter which is a compromise between a 
AND MAE NITUDE 
maximally flat time delay, response. The Bessel filter is also used because 
of its maximally flat time delay characteristics, however, it has poor roll 
off characteristics. A newer approach is to use cosine, filters to shape the 
signal before detection in order to improve the PW50. Generally filters are 
concerned with reducing noise while retaining the signal except as last 
discussed. The amplifier must not contribute to the roll off significantly 


1M 4 MANE ACI CinG Aun 


as this type of roll off is uncontrolled, due to stray capacitances, transistor 


junction capacitances, and Miller capacitance. For this reason, we follow the 


general rule of 10 times the required filter bandwidth for the complete amplifier. 


This means that each stage should have a bandwidth greater than 
Reguiér yy) , 


tHe jupper 3db point where N is the number of stages in series. 
E siuc LE 
GAINS 7 


The amount of gain required in the linear portion can be calculated from 


the minimum head signal expected out of the Pre Amplifier and the minimum 
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UPPER\ FREQUENCY ROLL OFF (Continued) 


\ 


Generally, the -3db point: occurs near 1.5 times half the transition rate. 
This is ieecceany as we need to include the harmonics associated with the 
shoulders. The degree of roll off should be a function of the noise spectrum 
and usually is between 18-24 db per octave. A primary consideration is the 
effect on phase linearity which we will discuss shortly. The type of filter 
depends on the amount of roll off required, She-amount of phase correction m 
required and the degree of signal shaping required... Most amplifiers use 
either the Butterworth type filter because of its maimally flat magnitude 
response, or the Butterworth Thompson filter which is a compromise between a 

AND MAGNITUDE | 
maximally flat time delay, response. The Bessel filter is also used because 
of its maximally flat time delay characteristics, however, it has poor roll 
off characteristics. A newer approach is to use cosine filters to shape the 
signal before detection in order to improve the PW50. Generally filters are 
concerned with reducing noise while retaining the signal except as last 
discussed. The amp] ifier must not contribute to the roll off significantly 
as this type of roll off is uncontrolled due to stray capacitances, transistor 
junction capacitances, and Miller capacitance. For this reason, we follow the 
general rule of 10 times the required filter bandwidth for the complete amplifier. 
This means that each stage should have a bandwidth greater than 10VWN times 


the upper 3db point where N is the number of stages -in series. 


GAINS — 


- The amount of gain required in the linear portion can be calculated from 


the minimum head signal expected out of the Pre Amplifier and the minimum 
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Signal required at the input to the Detector. 


A... = N chcapiae ie Suet (EQ 10.2) 
( Vinee mas op. ae Xx Ami Fre are ) 
We must then determine the maximum Signal that will appear at the netector- 
input resulting from a maximum head signal times the maximum Pre Amplifier 


gain times the maximum Linear Amplifier gain. z 


Vo. = ( Voc 1 pose} rane fiz anf A.A. nae) . (EQ 10.3) 


PP -oréé 


If we compare the results of EQ 10.3 to the restrictions to the upper input 


voltage to the Detector, we will see if we need AGC or not, or if we need to 


increase the linear range of the Detector input.. For Region l-and 2 circuits 

it is preferential to use AGC which allows us to reduce the power dissipation 

of the last linear stages. It is also preferred that the signal level at the 
Detector inputs be established at at least -6db below the tolerable distortion 
limit of the Detector's first input stage. This allows a +6 db margin to 

handle sudden amplitude changes without detrimental distortion. For Region 1 

and Region 2, fixed reference Detectors AGC is required unless the delta signal 
amplitude worse case is less than the Detector limits. Such is highly unlikely. © 
As we discussed before it is also preferable to break the gain requirements 

up into several stages of low gain rather than one or two of high gain because 

of Bandwidth requirements. Commercial differential video amplifiers can serve 
well in these positions except for the last stage or stages due to the signal 
Output swing requirements for accuracy vs. the IC's specification. We designed \ 


for 5.0 Vpp nominal into the Detector because of the 0.1V linear region of a 
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Current switch vs. the percentage reference. As long as the signal remains 


linear where we require the peak this will always be true. 


SELECTION 


Often the head signal originates from several sources, such as, 
two groupings of widely separated heads, fixed heads and moving heads, or 
Read-Verify heads. Such arrangements can be suitably handled by providing 
separate loading and separate amplification at the first stage. The 
individual first stages can have different gains to accommodate differing 
level signals. Selection is usually accomplished by a collector dot of 
the individual amplifiers with a switchedcurrent source. Such a eiecuie is 
shown in Figure 10.4. There is a commercial device available, MC1445, that 
performs the same function though the input dynamic range is limited to a 
few hundred millivolts including offsets. As can be seen this circuit can be 
designed for any signal amplitude gain, Bandwidth, or bias levels. The design 
includes the usual considerations of linearity etc. Let us assume that the 
input signal is referenced to ground at 2008 differential with a -0.7V DC 
component across 4022 toground each phase. This signal maximum can be 150 mV 
PP DIFF with a 50 mV maximum DC offset. Bandwidth requirements are DC to 


50.MHz. Let us have a gain of 2. This will allow us to connect the Preamplifier 


Linear Amplifier. First we can calculate R3 from the known value of Rj and 


Ro = 4022 to obtain the desired termination. 


ma Se Sh ° — = 266.2 » (EQ 10.4) 
K,+, ~2-, YOu. FH9% — LIO 
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SELECTION (Continued) 


With a 150 mV... DIFF input signal + 50 mV offset we can have a 200 mV 


Pp pp 


differential input maximum. 


The collector resistor is based on the 50 MHz Bandwidth and the stray 
capacitance. Notice that this is the stage Bandwidth not the Amplifier Bandwidth. 


Col EcrTer 
We will calculate the capacitive,load as CT. 
Coby + Coe5 ¢ Cs lu, = “SF SP +-Sb tle. ee 


= OOD 3 Ob + 0178 +10. PE | 
=a EE, (EQ 10.5) 


ee 200 
G | Miller capacitance must be included as our source impedance is (2)(2) = 502 
. which represents the termination and the input cable in parallel single ended. 


Choose Ry = 200 = 2 Re_and Buin 20 | 


| enna 
FMiller ° (2 aX fis XC X | +A) = oa aes X 5-8ko | v4 [+2 -) 
~3d§ 


BES Gil® H2 (EQ 10.6) 
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Ce = CMR) * (Gah eo X Bus") ~ SPE " (eq 10.7 
CP 44> 

Which means that the stray. capacitance dominates with a pole at @@@8 MHz which 


67-7 
satisfies our requested Bandwidth. 
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SELECTION (Continued) 


Now that we have fixed the collector resistors we need to determine the 
emitter current as that in series with the total emitter resistance RE + rg + Rm 


determines the linearity of the stage. — Re eer 


Ue po md Aas bepecnen (Re tre tin) = vy Zz 


We calculated a 200 mv pp input maximum; therefore we need greater than 
pt 


Vow P may 0.200 V 
Rgtletha ates 
| Lenn the 
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associated with4re at this current level. Choose 4.0 ma. @@CLwe 


The main resistor RE can now be determined. 


Re 2290 
Ce eee ae ee ee (EQ 10.9) 
; < 09 2¢ - > _ SSZ-sa 
Therefore R= 2D 7 @ (EQ 10.10) 
Just to see the effect of the emitter resistance, let us tabulate the 
gain change as a function of current I,, using | ) €, 
| A Z ma CACH 810E MOMMNMAT., 
EQ 10.1 
A = se A; = J A, A. (EQ 1) 
ok L¢ 
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negative peak. 


be tolerated. 


Now we see the reason for increasing the current. 


higher level stages and the differentiator. 


EXUTTER 


All this means is that the distortion at the peak input signal amounts to an 
instantaneous gain change of about 2.04% differentially and about 6.1% single 


ended on one collector, the positive peak, and 2.21% on the other collector, 


The factor 


or 2 is not sacred but strictly depends on the ratio‘of re to RE & Rm. If we 
chose 8.ma then the distortion would be much less differentially and particularly 
on the positive peak. Now the designer has to choose between the power dissi- 
pation resulting from the higher currents and the amount of distortion that can 


This will be increasingly more important when we consider the 


Notice back when we calculated the gem impedance for the differentiator 


we were. interested in the linear portion around the base line. 


EQ 9.23 and for the Gate Generator where no RE was used we were not concerned 
with collector peak distortion since we threw away the peaks with limiters, but 


But we are 
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| DIFF 
I A+ A- Arora, | DISTORTION 
4.0 2.000 2.000 2.000 0 
3.5 1.9815 | 2.0145 | 1.9979] 0.105% 
3.0 1.9575 | 2.0263 | 1.9916] 0.42% 
2.5 1.9249 | 2.0361 | 1.9797] 1.01% 

" 2.0 1.8779' | 2.0442 | 1.9592] 2.04% 
1.5 1.8045 | 2.0512 | 1.9238| 3.81% 
1.0 1.6736 | 2.0573 | 1.8555] 7.22% 
0.5 1.3745 | 2.0625 | 1.68371) 15.81% 
0.25 | 1.0126 | 2.0649 | 1.4460] 27.70% 
0.125] .66334]) 2.0660 | 1.17066 41.46% 


All this means is that the distortion at the peak input signal amounts to an 
instantaneous gain change of about 2.04% differentially and about 6.1% single 
ended on one collector, the positive peak, and 2.21% on the other collector, 
negative peak. Now we see the reason for increasing the current. The factor 

or 2 is not sacred but strictly depends on the ratio of r, to RE & Rm. If we 
chose 8.ma then the distortion would be much less differentially and particularly 
on the positive peak. Now the designer has to choose between the power dissi- 
pation resulting from the higher currents and the amount of distortion that can 
be tolerated. This will be increasingly more important when we consider the 


higher level stages and the differentiator. 


Notice back when we calculated the gain impedance for the differentiator 
EQ 9.23 and for the Gate Generator where no RE was used we were not concerned 
with collector peak distortion since we threw away the peaks with limiters, but 


we were interested in the linear portion around the base line. But we are 


arn erent 
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interested in the peak input into the differentiator as that determines the 
Slope at the zero crossing. We might have improved our chances by settling 
for a higher Ze. This should have been calculated with 2 Zp instead of ZE. - | 
Although the ratio of rg to Ze is much smaller than our present one thereby 
maintaining linearity over a wider input swing and thereby making the loss in 


gain unnecessary. 


The linearity is determined solely in the emitter circuit (if linear 


resistors are used in the collector). 


The rest of the circuit can be designed with the tools we have already 


established and therefore we will not take the space to repeat them. We could 
emphasize the bias of the current switch used to select the amplifier input 
to the collector dot. The most positive base must never cause the negative 


swing of the amplifier emitters above it to saturate due to Vbe and IR drops. 


TOTAL AMPLIFICATION 


With all the previous background we will now design an amplifier to 


connect between the Preamplifier and the Detector. 


If the range of the Preamplifier Output was 100 .;Vmin PP DIFF to 
150 mVpp may, including offset, and we wanted a nominal of 7.5 Vpp pyrr into 
our Detector (5.Oywry - 10.0 wayVPP DIFF) then we can establish the gain required 
and the number of stages. From Equation 10.2 we calculate we need a gain of 
50 MIN and 66.66 MAX or 60.0 nominal. This is obviously too great for presently 
available video amplifiers for the output swing required,therefore we need to 


Fe 3 | 
break it up. “V60 = 7.74 but V60 = 3.914 which is muchmore easily manageable. 
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Or we could use a va 733 for the first stage with a gain of 10 followed by 
| esl T 
a high level amplifier with a gain of 6 either wewkd be acceptable but as we 


: conten, CC ee 
would like to add some other function, we will go with the 3 stage circuit. ~~ _— 


Wel THAT wE would GET IV7%> ThowbLE wilt THE OYFET SwinG Ay of fsé 7 Se cis (ot & ote REE 


The amplitude MIN and MAX is shown for each stage in Figure 10.5. 


The bandwidth of the amplifier is to be 50 MHz; therefore we nee ¢ Ay (0: 3.) 


few” °K Tea"(aaey )* toe 


Cer = Coo, + Coor + Cw = See 
STAGE = ‘58, F 158 ye z S. pr (EQ 10.12) 
= O16 pe 
/ 
_ ee ee (EQ 10.13) 
A< (27) Go Cy = (eave wo'X blows! } 
er a ( Levee. 24 3a. 12) 


Ad; « foe tae Ce mill, T of th | a — jpie, el 
—o han dlodtd pegerered/s : Ta[sOnY stp ie vay = belie" 


‘eare (EQ 10.14) 
© rae = 3-94 A earn. 


This requires some thought for if we calculate the currents required to maintain 


3 
a maximum of 5% distortion we must have only V 53 distortion in each stage 


-or 1.7% each. The distortion is worst for the positive half cycle; therefore, 


we will use that value as our 1.7% MAX. 


P72 f blo2. = Ale = (ouzn (EQ 10.15) 
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ee ee ge ee 


Or we could use a ua 733 for the first stage with a gain of 10 followed by 
a high level amplifier with a gain of 6 either would be acceptable but as we 
would like to add some other function, we will go with the 3 stage circuit... 


The amplitude MIN and MAX is shown for each stage in ae 1025: 


The bandwidth of the amplifier is to be 50 MHz; therefore we need 


V3 )50 = 86.6 MHz at each stage. aoa! ar (3 Capea 7Smne 


C= G.(i+A) ; ce + C= O58 ive + O58), +6 oe (EQ 10.12) 
= 13°43 8 
ee eee (EQ 10.13) 


/ (2 ol S266 ry ¢ je 3yd xed 7 
2:y7Ke ( Levee. 24 34x le) 


Rf, < (27) 6. Cr 


y ° 


Ps 
, 


ZAGC 2 as . (EQ 10.14) 
K Pistia ae - G¢/-32 


” Tetne i 3°94 


This requires some thought for if we calculate the currents required to maintain 
3 | 

a maximum of 5% distortion we must have only V 5% distortion in each stage 

or 1.7% each. The disto.y tion is worst for the positive half cycle; therefore, 


we will use that value as our 1.7% MAX. 


DIZ f bles22. = AMR = low (EQ 10.15) 


eee 


100 av B9bemy (§32.—v TIFGO. ad 
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FIG lor 
THREE STAGE LIWEAR BCP LiFEt Ed 


SO. mae Siw , Ar = 60 


FIG (0-6 
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7 hevedore 26 te ‘diction (EQ 10.16) 
i, =2; oe 


| Vin pp KEE 
whee FT, 5 the coment Meaning fj Ce Vw FA EE 


2 Ker 122564 me 


a 
_ ; EQ 10.17) 
alee aan | O= low2tT, —foyrz lt, I, —- 2622. 
ss Viw pp | il 
ie oora l. = Seed = ue - 


pow T,” — powr(2mr), _ ag [usene) 5 (HER 10-18) 
a= CRY tan z (61-32) 


= fouzT, — harp I, — 3ded 20 


a Se Sa (EQ 10.19) 
reet —tavye F f/f izmy) — ¢ (tow2X-3-Fxr0' ) 
am (1-042 ) 
—1:27¢ + f.isfys0 Z —6n a a (EQ 10.20) 


| ee 7 


2:co3y 


The correct root is 6.17.ma which gives Are = 1.042 2 


, = 


ra, 


SS) lmy S871 ae ) 
———- } _ ——; }=O (EQ 10.2 
Gare 26 2(bi-d2- (EQ 1) 


w 
feog2 I, ae 4.9398 Sm — [|p 26% X10 me 


—¢'733 £ 4/ 4-493) — ¢ (oer Fr ewu xe”) 
roots | 2 (bowe (EQ 10.22) 
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at e 
[ kaerort 26 26 
\4i ee J 
<< Vin po mee be PO EF 
a S Che Comnr’” ey ee ee = ——S 
where : eee (22:64 


lias ase | O= low2zl, —fog2z tT, I, —- 26L... 
na, aig ~~, 


; . L z a 
lage | = 1OGz Pi — [042 paocals 2¢f pecNiaa 
2 6/.92) 2 (61-32) 


% ‘ 
= /L.oy2z Z; — 27g LT, 7 St heeo 


ret — (-27Y 


—1-27¢ + Jeisfuo 617 
pees - = 


t+ /O-3 0 
2-o34 


The correct root is 6.17.ma which gives Are = 1.042 &% 


ee tT” eta Camees fay 
age 5 is WE En Jscg2 2(bi-324) a ze ( 2(bi- 2fbie 327) 


& 
J.og27 I — G4 g98 J, j.2ax Lis”  ~ 


— 4753 as 4/ (4-933) — ¢ (roerElewu xo”) 


roots 2 (|-o¢ - ) 


(EQ 10.16) 
(EO 08 
(EQ 10.18) 
(EQ 10.19) 


(EQ 10.20) 


(EQ 10.21) 


(EQ 10.22) 
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/ 
ek SAL eee ees eee 
/ 
2 (1-042) 
The correct root is 13.58 ma which gives 


joel. = Ale 


Tad 


v | 2297, my _— 2277.mu 
Sp san eR ES 


2 2 (61-32) 
= peqz I — 19-5) J, ~ 4F6-7¢ 
{qr + (ige5h)F_ y (1.042 Suse7S) 
= (treqe ) 


—(951E 4&7-0F esis 
iia renee eae —32-9L,, Se ae ane Sey Gere 
2({-o%% ) / 


The correct root is 32.92 ma which gives Arg = 1.0424 


(EQ 10.23) 


(EQ 10.24) - 


(EQ 10.25) 


(EQ 10.26) 


As can be easily seen the smal] built-in error in the equation is when we used 


26 
2(61. 32) 


as Rt when we know the real resistance is I INST * 5 + Re to 
determine I,. 


The value of RE for each of the 3 stages is: 


Stage 1: Re = G13 -$ Fe . ot -T — os g2-la 
26 ; 26 
hs ai = = 652-5 = poaniaee = Ya 
stage 2: Re, = OIE TT Fe =F ats Hy 
pas Ie Be cee a Sas ee US eS 
Stage 3: Re, 2 Lijt= Ce 25 = Listes rari 5 


( now 


(EQ 10.27) 


(EQ 10.28) 


(EQ 10.29) 
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If we used the two current source version as planned then the total value 


of-RE will be double or 


104.21, 108.81, and 111.06 respectively for Re . 


Now that we know the values of the nominal gain and minimum current as for 
Fig 10.6 we can now calculate current sources, supply voltages etc. To do 
this we first need to make a bias ‘jacvan: We should also use a PNP stage in 
the middle in order to minimize the power supply requirements. The Bias 


Diagram is shown in Figure 10.7. 


If we DC couple the bases but AC couple in the emitters we can reduce the 


number of decoupling circuits. 


We make the bias diagram by establishing all the voltages including AC 
and DC Svcoetated with the collector, base and emitter circuit starting with the 
base. We will allow 6.db margin for the signal ‘swings in every case in order 
to reduce the possibility of clipping. This is thesame as using the differential 
swing as if it were the single ended swing. We will also allow 1 volt margin mmummem 


+ fea Ne GATE Per, 
YE MI IVAC 
between the base and the collector frat + pede fem WITH 7 ek tt, 


| wothSE (ASE 
pias A7 LEAST Y-S voezs (oie zo pore ng athe POR BANCO. 


Judging by the Bias Diagram, we can easily build the amplifier using T15V 
supplies with + 6.2 zener references for the current sources as no collector wil] 


be forward biased. 


Stage 1 and stage 2 will require a series resistor to develop the correct 


f bias for stage 2 and 3. 
ay 
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If we used the two current source version as planned then the total value 


of RE will be double or 


104.21, 108.81, and 111.062 respectively for Re . 


Now that we know the values of the nominal gain and minimum current as for 
Fig 10.6 we can now calculate current sources, supply voltages etc. To do 
this we first need to make a bias diagram. We should also use a PNP stage in 
the middie in order to minimize the power supply requirements. The Bias 


Diagram is shown in Figure 10.7. 


If we DC couple the bases but AC couple in the emitters we can reduce the 


number of decoupling circuits. 


We make the bias diagram by establishing all the voltages including AC 
and DC associated with the collector, base and emitter circuit starting with the 
base. We will allow 6.db margin for the signal swings in every case in order 
to reduce the possibility of clipping. This is thesame as using the differential 
swing as if it were the single ended swing. We will also allow 1 volt margin 


between the base and the collector. 


Judging by the Bias Diagram, we can easily build the amplifier using T15V 
supplies with + 6.2 zener references for the current sources as no collector will 


be forward biased. 


Stag /y and stage 2 will require a series resistor to develop the correct 
bias ae 2 and 3. 
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We can now draw the schematic for the amplifier and it is stavn in 
Figure 10.8. 


iS v-Th/— (ives) = Vee. ige2S5v-GS5lVU H-O7sy 
K, = (isu SA)~ (Caves A) Voc ney | aT =/“32K (EQ 10.30) 


chewre [10K V4 fev O29 ma T mew 


{Sv-s7 mei ly +T oo Vbe ma . a. = 7 I i Og, / ? 
Ry max = { i) : ) = Vow mar — (4'2IV SIV =. hi (EQ 10.31) 


ey or ee (3-5F ow cs 


6717 ac Pe 


ah saad: S/la (Z fo 156K omer yore 


isyash (eeu +X) -Vbe may - [ae25 = a — Og Yo geo (EQ 10.32) 


Komas = 32°92 hae. ey 32-972 ~s 


yy Lae ee WOO, nA WA Gxt 33Gb mn Lome 


The maximum currents are calculated as: 


| vf y 2 E-am SH — 4 men 7S ew Se am Or7. 
_~ (Sev 5K) Woe ~ 54) = Ube ms ge a  . Fain. (20 10289) 


ue s . 
; yw ‘ J mA 
oe fila 4) [037K x 
i - <2 os / ~— SP Aeon —_ benaad . am 8 > | 
Z, _ bs.vert)-Gee oH) Ug 6 _ (Os ee SO gy (EQ 10.34) 
2 max ~ ie = SOS Aw pose 
(Fu —t@) 
ae tar 5 en oe .JI9 VY ~0.d80V ons 
peab2u-s7%) — Voe a issu —S-35 - yom 
ie mAy = she st) ( ; ) = (9bx~ max (EQ 10.35) 
a 200 - 1h) 


To find R3 max we need to use the following: 


(6-20-50) = Vec, Lid ee ee (EQ 10.36) 
(ae Sa ee 
2. I, max) 2( 7 Z) 
: : ( [ CTF x if 
b.2u-sKJ— Vecy EQ 10.37 
K, may = ot = S'FGu-¢-62V _ nee Z7A Wt» ( 
(I,, a | 2 ( (9, Come ) 
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By using the maximum value we guarantee the collectors will not saturate. 


There will be a difference in Vc for each stage as the worse case is calculated. 
Let's do that. 


Ve, may 7 (6. yesh) ~ 2 (Ts, an XK a = vi (f. ma) = 


| (EQ 10.38) 
= 6.9lv- 2(begm Ni7ee~) — 624m (24054) = | ; 
= 6-TSI- 2:2 Sse 2-7Py i“ 
a _ ne sei) ; » (In NX tend Ten. fees! (EQ 10.39) 
J tubicies Bie a )(34-5.) + [Joe Yng (240.5) 
= -G:S}¥+ O<.9asryut32PV = 2933S Vy 


Ve, ae. = (6-20 1) - , L aX 8, wage Lo, moe (Knax ) ~ 10.40) 
= S97 = 2( Big dann (179° 79~) — (Fl frase?) 


= SIV -sOLU 2004 = OBIV 


Viv ms bmcee) ee cee er ee ai (EQ 10.41) 
icine wal ghd me CIE (Sn) + 180mm (245 eI0) 
= “—SIGV FU2OV + Eyl yY = —D22zyv 
With the last result we see we need a couple more volts or so to keep 


the last stage out of saturation which might be accomplished by using 
+15V for Vcc. 


V2 _ (is-5%) - (i, may Runa) = 14:25 y (ah aq (245-97 =) 
Cami = 


= 3:033 Vy (EQ 10.42) 


which is too low. 
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We must eliminate R6 to lower the base voltage of stage three. This is 


mostly because of the large tolerance on Is3. 


4 rey eye Kin ) 
Vea ee ve ~ (ev est) + Tex me ( (EQ 10.43) 


ma sf St +(IBvy maf 24 on5) = 73-277 vy 


\\ 


Vea medi, = e2Y- sh) + Zs, man (Ame ) (EQ 10.44) 


eae + (13-20 rJ2us4s) = a as a 


i) 


The signal swing at the collector is 2.297V PP DIFF and following our 6.db 


margin rule this makes the minimum emitter peak voltage at stage 3. 


2°297¥v 
<n 


a. Ve — AVS, me 21297Y = ~B277 —- OOTV — 
ys 


L ~My _, “1a™ 


(EQ 10.45) 


ene aa 2° & 
which solves the emitter problem but we still have a collector problem in 


Stage 3. 


The base of stage 3 is +0.48V MAX peak, but the collector is 


8.99V 1 ab 
3.033V - = 3 or -1.4 $V (EQ 10.46) 


or an overlap of 0.48V + 1.463V = 1.9% 
We need to raise the collector supply to 17V to handle the collector 


bias problem. That is hard to obtain in most cases as + 15Volts are standard 


supplies. 
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Perhaps we can reduce the tolerance on current I¢3 from 


33.86 ma 45.7 ma = A\11.84 ma (EQ 10.47) 


The best solution is to AC couple the bases of stage 3 to remove the 
almost 4 volt tolerance. We can return the base resistors to a nominal. - 

-3.1V by dividing the -6.2V supply. This will permit all stages to be totally 
linear. The T of the coupling stage must take into account the base current 
associated with the 33- 45 ma. 

Noe How THe worse case AFEECTED THE PéSigws NO Exubmbte Caw Rholhty ices a 


THIS PROCEEDULE ~ We “UbW7T HAVE USEPA ISV suhfty For S2eas2 To PREVENT USE of FAC Covfease 
Now we have designed a three-stage, high-level amplifier. Before we add 


filters and phase compensate it let us turn our attention to an AGC stage. 


yell heverne 

eee a Oein BrarcliwAdtl Cea e__ 
bavtntth porkore A plane TF ae 

f° 5 ple he imfeo Ly Amend fiforoma 


PUBLICATION INTENDED. ALL RIGHTS RESERVED. 


~ LINEAR AMPLIFIERS 


x 


TOTAL. AMPLIFICATION (Continued) 


Perhaps we can reduce the tolerance on current Ie from 


33.86 ma3 45.7 ma = /\11.84 ma = (EQ 10.47) 


a 


The best solution is to AC couple the bases of stage 3 to remove the 
almost 4 volt tolerance. We-can return thé base resistors to a nominal 
-3.1V by dividing the -6.2V supply. I is will permit all stages to be totally 
linear. The T of the coupling stagé must take into account the base current 


associated with the 33- 45 ma. 


Now we have designed a three-stage, high-level amplifier. Before we add 


filters and phase compensate it let us turn our attention to an AGC stage. 
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AGC STAGES 


We approach this design problem by first calculating the total gainngey «m, 


required for a minimum signal at the head, _ we inimum pre amplifier gain, minimum 


. RE QuUIzEO 
linear amplifier gain to provide the see input the Detector. 
wOaw 
c= mw )( Apa, mitX Aria, nw ) = Vw ser le (EQ 10.48) 


This gain assures us of {detailer chet correct operation of the 


detector. The next number we need is the maximum signal output assuming «£ 2&7¢*¢ 
CORRECTLY 20 THAT (7 
the en Vente cers not limit & using the maximum gain. 


ae (Vaca mat) Aba. war) Aaa. max) = \/ mAL Lite (EQ 10.49) 


The amount of controllable attenuation required then is simply 


Vie DET mmx Nan 


~ aad : (EQ 10.50) 
VA MAL CIiVEhR . 4 . 


If this number is getter than es then we really do not need AGC as the Detector 
sHovl? 


dynamic range wit] handle ft 


~¥OI-BET MM e-tinetaad. Assume < = .10 then we need an attentuator with 
at least a 10:1 range. The type of attenuator depends on the signal 


amplitude and on the signal bandwidth. Figure 10.9 shows several types 
that have been used. Contrary to the radio business, our AGC circuits 


must not introduce a common mode voltage change. The reason for this is 
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AGC STAGES 


We approach this design problem by first calculating the total gainway 
required for a minimum signal at the head, minimum pre amplifier gain, minimum 


linear amplifier gain to provide the maximum input to the Detector. 
seas aw )( Apa. min Ala. nw ) = Vw per mar (EQ 10.48) 


This gain assures us of linearity margin and correct operation of the 
detector. The next number we need is the maximum signal output assuming 


the amplifier does not limit and using the maximum gain. 


(Voc mar) Aaa. mar )( tl ae max) = \4 mAx LIWHR (E 10.49). 


The amount of controllable attenuation required then is simply 


Mig DE T 079 X 


V tae dank mew (EQ 10.50) 


If this number is geterthanes then we really do not need AGC as the Detector 
dynamic range wiil handle it if the gain is lowered to make EQ 10.48 = 

VIN DET MIN instead. Assume X = .10 then we need an attentuator with 

at least a 10:1 range. The type of attenuator depends on the signal 
amplitude and on the signal bandwidth. Figure 10.9 shows several types 

that have been used. Contrary to the radio business, our AGC circuits 


must not introduce a common mode voltage change. The reason for this is 
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obvious if we consider that any common mode voltage influences the 
coupling circuits and depending on the common mode rejection ratio of the 
following amplifier we end up with a differential voltage change that 
disturbes the signal base line. As there is almost always a non-linearity 
somewhere we should avoid circuits that control the gain by controlling 7 


emitter current. 


In Figures 10.9A thru 10.9F, the gain control is achieved by a con- ; 
tolled resistance by either current or voltage. In each case the range 
of resistance is large but the input swing is limited due to the character- 
istics of the devices. In the case of diodes, we can examine the Vp-I, 
curves. Here we see that the signal voltage will be superposed on the 


curve which does affect the resistance instantaneously; therefore, the 


actual diode resistance is a function of the signal voltage as well as 
the control current thru Ro. Fortunately, our signal is differential. 
When one diode is conducting more due to a positive going signal, the 
opposite diode is conducting less for thé same reason which if we keep 
the swing mall the total resistance, differential remains almost constant. 
The input swing then should be kept below 100.mv MAX pp DIFF: The circuit 


of Fig. 10.9A is driven by a voltage source therefore the attenuation 


is simply 
Kp 
A = Ri + Ro | (EQ 10.51) 
I — eeren oe (EQ 10.52) 
CowtAot sas 


Ri 
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In figure 10.9B the attenuation circuit is driven by a current source. 
Here the gain of the stage is a function of the parallel combination of 


Ry , Ro and Rp 


RK Re Rp 


(EQ 10-53) 
Re tte + hon )( a A thi fp + & fo) 


A= 
In both cases there is a common mode output voltage change that affects 
the output base line. Both circuits must be followed by a very good 
common sade rejection amplifier. The diode capacitance must also be considered 
as it affects bandwidth which will change as a function of the control 


current T changes. 


In Figure 10.9C and D a Fet is used as the controlling resistor. 
The equations are the same as for the diode versions, however, the controlled 
resistor is a function of voltage. If we examine the Fet curves we again 
find a signal swing restriction. As long as the drain to source voltage 
remains below about 100 mV PP DIFF then we remain in the resistive portion 
of the curve. Beyond that the resistance is pinched and we go into a 
Current source mode where the resistance is very high thus distorting the 
signal waveform. We still have a common mode problem due to the gate signal 
being capacitively coupled into the source and drain that may not be common 
mode. Also the gate capacitance affects the bandwidth which is changed by 


the changing resistance (% = Assy ae ) 


In Figure 10.9E a different type of attenuator is shown. These circuits 
are multipliers and care must be used in predetermining which quadrants are 


used. With careful balancing these circuits can be made to exhibit no change 
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in output DC or conmon mode voltage as a function of the control voltage. 
As this circuit is basically a 4 quadrant multiplier by biasing Vc, to be 
always equal to or more positive than Veo only two quadrants are used. 

The circuit functions by mixing the two 180° out of phase signals such that. 
one subtracts from the other resulting in reduced amplitude. The reason we 
must confine ourselves to only two quadrants is that the gain slope changes 
with the control voltage polarity as shown in Figure 10.10. The reversal 
would cause a malfunction of the AGC closed loop operation. Because of the 
signal subtraction process very careful balancing and phase control must 


be used in the signal path. 


The DC collector voltage level is maintained by causing the current 
lost on one side to be made up by current from the opposite side as the 


control voltage is varied. 


The gain of the circuit is a function of the control voltage and 


the balance within the circuit 


ZR KV 


= _—_—_— EQ 10.54 
A Ke +2fe +2Rm 


Where K is a constant depending on the matching of the diode, the 
transistors emitter-base diode, and resistor R4. 


This circuit has a constant bandwidth only if it is correctly balanced. 
Any unbalance will cause unequal phase delays, therefore, altering the 


bandwidth as a function of control voltage. 


Of the three different types given here, lets choose the FET version. 
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There are several other considerations. If a junction FET is used, care 
must be used to see that the gate circuit is not forward biased. This is 
‘responsible for the capacitive coupling in the two examples shown. We could 
eliminate the capacitors of Figure 10.9D and use a MOS FET as long as the 

DC difference is zero. If not then currents will flow altering the DC r 
quiescent point causing a differential shift in the output. A series 


capacitor ia either the drain or source lead will eliminate the problem. 


To use the circuit we must first determine the amount of attenuation 
required. If the attenuation required results in a large resistor Rj then 


the bandwidth degradation must be calculated at both extremes. 


If this is intolerable then the attenuator must be broken up into two 


stages with some gain in between if necessary to keep the signal to noise 


ratio high. In any event isolation prevents interaction. 
From Fis 1D. g Cc 


x= _ Ros ov nan (EQ 10.55) 
ba Z(R + Ke sew man) | 


Rs a 


K i— 
ne Kos ae gi [oo (EQ 10.56) 
| | 
i: - 27 T - 27 Qi ax Ca (EQ 10.57) 
~tdb ao Caltay = 3.00 
If in our example we want a 50 MHz bandwidth and C, is 4. re we want 
a eee a ee ene Eee a 
R, = 27 Fe (Gs + Cu) a (2 1 sea X 3 x05"44 ws) (EQ 10.58) 
i 
: = “@sEen Ne Mien tL CGC 
Waker Uk Un bol hele Fo lactate wat be 


come Bu. Vin aia Sais UV: bt. tte pees = erie 
— : ; 


T Cosy fh follmmy mts. 


a P 


= ree Wg Oe ee " 7 ; oe *. ee “ Rs ee OE Sree ne a oe 
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If Roson max were 100, then the maximum attenuation achievable is, from 


EQ 1055 
|go~ a * 
2(45+— ay — oe 
z 1099 ow RODTHS (EQ 10.59) 


' OL Mehite 
fo Covi wotst case Toveeancés ELT, WE FSHVVED WMCROASE “A fe 10 


prort th en 
. To get an attenuation of, 10 we need two in isolated series. We could lower the 


Ry to keep the same attenuation while maintaining above 50 MHz bandwidth. 


o: %-(6% 
Ne (EQ 10.60) 
[ —_ 0. 3/62 
i Ry mas _ 1o0{ sa) = 21662 w mw = Load A 
.. ae | 
(EQ 10.61) 
l 
- oe SE See 

K man ™ (2 TX $107 X dus" +e Ko Jz (EQ 10.62) 


As the stage bandwidth calls for #2 (50 MHz) then choose 300 « for better 


dynamic range. 


The isolation can be obtained with an emitter follower or an intervening 
gain of 3.162, thus maintaining the signal-to-noise ratio as much as possible. 
The circuit is shown in Figure 10.11. Transient coupling recovery can be 
added immediately following the first coupling capacitors as shown in 
Figure 10.3A or B or it can be added following both coupling, capacitors if 


needed. ee 
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We could have made the second stage of attenuation like that shown 
in Figure 10.9D with similar results but we would need to calculate the 
THE FET GATR Bias weed WhSo be UEORENT 
attenuation again as it now involves R4 as nen One of the advantages 
of the series type of attenuator circuits is that the voltage across the 
FET can be maintained below the 100 mv pp max while the input can exceed 7 


it. Lets look at the maximum signal levels as we maintain the 100 mv limit: 


Vi, > (00 mv aS Slated 
FET may 
xX Rds Ow = _—_ 2 2_____ = = 0425 (( cuawwe vacve ) 
— a, 300 +10 
; mine = Rsenies P Res ocd 
(OD my 100. av (EQ 10.63) 


IN, MAK = ere 
300 +4100 — 


~<a 2 
RECEEDIVE GAmw of a= AUD & lwony marx Vettate Actos THE FURIT FET, Uv, Wee 


Vie, = A(toeme) = (pe](woonv)= 420 my (EQ 10.64) 


wiTH A 


V, = Vie, (~ ) = (v0. {0-28 je CT erae (EQ 10.65) 


which maintains the output FET voltage ac its maximum. The minimum 
input signal occurs when the FET's are just off while maintaining the 100 mv 


output FET voltage, 


\ Wer pieces (EQ 10.66) 
In =~ 


Ral = A Lo 


Therefore the input range under AGC control would be 2% to 400 mv or 


{@ -: l which satisfies both bandwidth and our required attenuation. 
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CLOSED LOOP AGC 


Before we close the control loop for the AGC circuits, we must 
develop a DC voltage that is a function of the output of the linear 
amplifier. This can be obtained from a filtered full wave rectifier 
such as -shown in Figure 10.12. There are several features of this eineuit 
that need to be discussed since there are many other ways this could be 


implemented. 


The gain control desired is a function of the gain in the loop. If 
we desire a 1% output voltage variation then the peak-to-peak single ended 
signal will vary 0.5% Vpp Diff and the Base to Peak rectified signal will 
vary 0.25% Vpp Diff. For our 7.5 Vpp Differential output signal nominal 
this means that we need to have 


a ape k 
Te tonerot (oncrol 73 Vee wm) ee = ($075 
1 * (Ver ne ioc “oo (4) / = eo (¥) | v (EQ 10.67) 


to control the full range of attenuation. If our FETs pinch off voltage 


is -5.0V MA4X then we need a gain of 


VV ion OFF nas S102 V 
Gigs = =] “po = Sees (EQ 10.68) 
LD Ve 


This would be the case if resistor R2 were zero but there is an attenuator 
formed by R2 and R3 which causes us to raise this gain. Now R2 is there 

in order to slow down the the attack of the AGC to a sudden increase in 
Signal amplitude. This is very desirable for two reasons. First we do 

not want to respond to noise caused amplitude variations and second, it 
permits us to achieve stability of the closed loop circuit using the Nyquist 


criteria. The attach 7 is 
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: 2, +X.) kK; C 
Ring eS (69 10.69 


And the decay T is 


Thecay = R3e 


if the input current to the Amplifier is very small and the diode leakage 


current is small also. The diode minority carry lifetime does affect the 


decay T. 
The actual gain required is “(EQ 10.70) 
(Veeco na) Ze (ne) a 
A ne (Gia aln tay +&) Rs 


We should now turn our attention to the temperature affects since our 
following gain A is so high. Notice that we used a pair of PNP emitter 
followers to drive our Full Wave Rectifier. The base emitter diode nearly 

compensates for the rectifier diodes, but not completely due to the large 
difference in currents caused temperature. Also the current thru R1 must 
be large compared to the current thru R2 in order to maintain PNP emitter 
follower linearity. This means that the temperature of the PNP transistors 
is higher than the surrounding components therefore its Vbe will be less 


and the voltage into the operational amplifier will be more negative. 


This requires a divider in the return ground lead from R6 shown dotted 
in Figure 10.12. Or we can change the PNP emitter followers to NPN and use 


a Vbe multiplier to compensate, as shown in Figure 10.13, for both the two 
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junctions as well as the temperature difference. For examle if we need 

to compensate two diode junctions at a difference of 10°C, we need to 

provide an additional (10°)(2 mv/o-) = 20.mv correction. This is interesting 
as it is nearly the same as the control signal range of 18.74 mv which 
emphasizes the point. We still have V supply variations to contend with 

or if we stabilize it with a zener we need to concern ourselves with the 


zener temperature behavior as well as its zener impedance. 


The last output diode is inserted to protect the junction FET (Fig. 10-11) 
from positive excursions which would forward bias its Gate junction. A MOS FET 
wou not need the diode. If we used enhancement mode FETs we would need to 
reverse the polarity. The potentiometer or a fixed resistive divider is 
added to the negative input to adjust for the charged capacitor signal 
amplitude. That value can be calculated from the following for a PNP emitter 


fol lower. 


Veer = Vine ee Vie, _~ V, + View (EQ 10.71) 


we 


Note that this will be very broad due to tolerances of the two junctions which 
justifies the potentiometer. The squelch transistor is added to discharge 

the AGC capacitor at the beginning of a read function following the selection 
transient, thus reducing the time to discharge from the transient using the 


discharge T. 


The amplifier phasing allows for an N type J FET. If we put an 


attenuator stage ahead of our linear amplifier then we can close the loop. 
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The Application of Linear Servo Theory to 


er 


Summary—An analytical technique for designing automatic gain 

control (AGC) circuits is presented. This technique is directly ap- 
plicable to high-gain high-performance radio receiving equipment. 
Use of this technique permits the designer to specify the performance 
wf the AGC system completely with respect to step changes in signal 
Sevel, ramp changes in signal level, frequency response, receiver 
gain error as a function of receiver noise, etc., before the receiver is 
constructed and tested. When used in conjunction with the statistical 
Silter theory the technique has been used to synthesize optimal AGC 
wystems when the characteristics of the.signal and noise are ap- 
propriately defined. 
The mathematica! derivation of the closed-loop equatirns is pre- 
eented. The resulting expressions are simple and easy to understand 
by anyone acquainted with linear servo theory. Furthermore, the 
ewnderlying assumptions used in theory have been tested experimen- 
tally, and the close agreement between theory and experiment attests 
the usefulness of the design technique. 


UTOMATIC gain control (AGC) is a closed-loop 
A regulating system which automatically adjusts 
! the gain of a receiver to maintain a constant sig- 
nal amplitude at the receiver output. The AGC loop is 
normally capable of operating over a very wide range of 
signal input levels. When the signal is narrow-band 
and its amplitude is detected synchronously, the loop 
as capable of performing efficiently in the presence of 
wide-band noise. The purpose of this paper is to derive 
the basic equations of the AGC loop which minimize 
the mean square error in the estimate of receiver gain 
when the signal level, noise level, and transient per- 
formance are specified. 

Fig. 1 is a block diagram showing the principal ele- 
ments of the AGC loop with the waveform equations at 
various points in the loop. The desired output of the re- 
ceiver is unity. The amplitude of the signal a(t) is ex- 
pressed as a fraction with respect to unity. The gain of 
the receiver is expressed as (attenuation)~!, or 1/a*(t). 
When a(t) =1, a*(t) =1; the gain is unity, and the re- 
ceiver output is also unity. When a(t) =0.1, for example, 
oe*(t) =0.1, the gain is 1/a*(#) =10, and the receiver out- 
put is unity. The attenuation of the receiver is intro- 
duced as a useful concept because it is the attenuation 
of the receiver that is required to follow the changes in 
signal level. The variation in attenuation of the receiver 
is some function of the control voltage 6; thus, the re- 
ceiver may be considered as a voltage-controlled at- 


* Original manuscript reccived by the TRE, April 6, 1959; re- 
vised manuscript reccived, September 1, 1959. This paper presents 
the results of one phase of research carried out at the Jct Propulsion 
Laboratory, California Institute of Technology, under Contract 
No. DA-04-495-Ord 18, sponsored by the Department of the Army 
Ordnance Corps. 

M Jet Propulsion Lab., California Inst. of Technology, Pasadena, 
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o(f)sina.f + alf) 


Receiver attenuation o°(t) = 


— a(t) w(t) 0 
F(d) = Function Y if oC) a7 $3 
where 
a(t)=amplitude of RF carrier expressed as a fractional part of 


unity, 
w, =radian frequency of the carrier, 
w(t) interference of flat spectral density over a range of frequen- 
cies about awr., 
v(t) = (t)(2 sin wet] «interference of same spectral density as n(¢), 


rx) = f "¥(e) XE = v)dr, 


je 
y(r) = weighting function of filter = Bi f ¥(s)erds. 
22] J we 


Fig. 1—Conventionai AGC circuit with coherent detection. 


tenuator. This idea is expressed in block diagram form 
in Fig. 2. 

Fig. 2 illustrates a recognition of the fact that the 
output of the AGC loop is the receiver attenuation 
a*(t) and that this output signal is required to match 
the input signal a(t) with a minimum error. The syn- 
chronous detector is easily eliminated because it does 
nothing more than frequency-translate the signal and 
the noise n(t) from the carrier frequency w, to zero fre- 
quency, or de. In proceeding from Fig. 1 to Fig. 2 it 
should be noted that the two circuits are mathemat- 
ically equivalent; the solution for the output attenua- 


tion a*(t) is 
a(f) n’(t) 
Func {1 _ =a + =} : 


in each case. The diagram is rearranged to provide a bet- 
ter understanding of what actually takes place when the 
loop is functioning. 

The next step in the analysis is to choose a function 
for the variation of receiver attenuation with control 
voltage. If b is the control voltage (sce Fi. 3), F(d) 1s 
chosen to be 10A 4"; K, is a constant associated with 
the attenuator (or amplifier) and has the dimension 
db/volt. Although F(d) is highly nonlinear, it should be 
noted that log F(5) is a linear function. 


Reprinted from Proc. IRE, vol. 48, pp. 234-238, Feb. 1960. 
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ca Pian wy? , gis) 


PM Nae * KaXoY [0\Ngy - Mae] + MY Seo 


where 


6G)see = 20 logic “ = amplitude of signal expressed in db 


with respect to unity 
3] 
Ulan = 2 lone = attenuation of receiver in db 


with respect to unity 
Fig. 4—Linear AGC system. 
at: At) ye 
Maou * ig oxi) [Peo - Weou] * amr) 


Fig. $—Simplified linear AGC system. 


Having made the decision (see Fig. 3) that the at- 
‘*#enuator characteristic should be linear in decibels, the 
function 1—a(t)/a*(t) is studied and found to be ap- 
proximately equal to 20 logic a(t)/a*(t) over the range 
of 3 db, or 30 per cent variation in a*(t). Therefore, the 
differencing function in Fig. 2 can be replaced by the 
logarithmic amplifier in Fig. 3 without altering the na- 
ture of the loop, providing the loop error does not ex- 
ceed 3 db. (This limitation is similar to the requirement 
4&0 automatic phase-control systems that the phase error 
Rot exceed 30°.) Within this restriction, then, Fig. 3 isa 
&tue representation of the AGC loop, and Kp is the 
Constant associated with the logarithmic amplifier in 


¥*" s/db. The equation of the loop as indicated in 
% 3is 


e*{s) = 10441720 | Xo20 logic + I. 


This equation can be solved for a*() by taking the 


Signal + noise 
. Best estimate 


of signal 
Fig. 6—Standard servo problem. 


logarithm of both sides and, for convenience, expressing 
the answer in decibels relative to unity. When this is 
done 


a*(t) 


It is now apparent that when the signal level and the re- 
ceiver attenuation are expressed as a logarithm, the 
AGC loop becomes a linear system. This system is 
shown in Fig. 4and may be simplified still further to the 
system shown in Fig. 5. The problem has been reduced 
to the standard servo problem indicated in Fig. 6 and 
can be solved for the H(s) which gives the minimum 
rms error in receiver gain. 

This problem has been solved using the Weiner meth- 
ods outlined in a previous paper.’ The input signal was 


@*(t)avn = Ko KaY [a(t)ave — @*(“avu] + KaY 


'E. Rechtin, ‘The Design of Optimum Linear Systems,” Jet 
Propulsion Lab., California Inst. Tech., Pasadena, Calif., External 
Publication No. 204; April, 1953. 
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assumed to be in the form of small step changes in am- 
@ plitude. The transicnt error was defined as the infinite 
time integral of the squared error: 


transient error = f ” [oan — a*(l)avu |?de 
Se 


and was assumed to be independent of the amplitude 
noise. The additive noise is assumed to be essentially 
fiat over the spectrum, producing a gain-jitter, own’, 
which is . 


1 + fos 
gain error due to noise = rae } | H(s) [*y(s)ds. 
a] —je 


The closed-loop transfer function which minimizes the 
gain-jitter while holding the transient error to a speci- 
fied maximum value is of the form 


where Kz is a parameter in sec™' which depends upon 

the amplitude step and the noise spectral density. 

The solution of the loop equation for filter Y yields 

4 = Y¥(s)=Kas/s, a pure integrator. If the loop gain is high, 

- {/s may be approximated by 1/(1+75), a low-pass 
filter. Solving for H(s) yields 


Hs) = GY(s) = 1 a 1 


1+ GY(s) (- ) t t 
7 +a? a te 


where G is the dimensionless product of Kp and XK, and 
is greater than 10. 

To demonstrate the usefulness of the theory and the 
validity of the assumptions made in linearizing the loop, 
three experiments were performed on the AGC loop of 
a particular synchronous receiver. 


1) The frequency response of the loop was measured 
using sine-wave variations in the input signal 
level. 

2) The transient response of the loop was measured 
using exponential changes in the input signal 
level. 

3) The rms error in receiver gain was measured as a 
function of the input-noise spectral density. 


The AGC loop forming a part of this system is similar 
to the diagrams shown in Figs. 1 through 6. The filter 
Y is a low-pass filter having essentially a single time 
constant of 0.4 second. The loop gain has been measured 
at several different values of input signal level and 
raried from 66 for a —40-dbm signal level to 38 at 
~80 dbm. However, over a signal-level range of 3 to 
6 db, the gain is essentially constant. 


FREQUENCY RESPONSE 


Using the measured values of gain, the frequency re- 
sponse of the AGC loop was calculated for signal levels 
of —40, —60, and ~—80 dbm, and the curves have been 
plotted in Figs. 7, 8, and 9. The frequency response of 
the loop was then measured using a sine-wave modulat- 
ing voltage which attenuated the carrier approximately 
2.5 db. The measured points are plotted in Figs. 7, 8, 
and 9 for comparison with the calculated curves. The 
experimental data may be observed to agree generally 
witbin 1.5 db of the calculated curve. 


TRANSIENT RESPONSE 


The transient response of the AGC loop to an expo- 
nential change in input signal leve! of magnitude Aa 
under the restrictions outlined above can be determined 


by using transform relation 


A*(s) = H(s)A(s) 


where A(s) = Laplace transform of the input signal and 
A*(s) =Laplace transform of the resultant output sig- 
nal or 


(+=) race (1 + tins) 
G G 


where rj, =rise time of the input signal. 
The solution of this equation expressed as a function 
of time is 


‘ i on (Girt winds G e7 (t/ tia) 
6*()ave ™ a be ft 
1+ — is ee ae 
+ G (— -) 


where a*(t)avu represents the resultant change in receiver 
attenuation. The amplitude of the input signal Aca is 
expressed in decibels. Using the measured values of loop 
gain, the transient response of the AGC loop was calcu- 
lated for a 3-db exponential change in signal leve: at in- 
put signal levels of ~40 and —80 dbm. The calculated 
AGC output is plotted in Figs. 10 and 11 as resultant 
change in receiver attenuation. 

The transient response of the AGC loop was then 
measured by introducing known changes in the input 
signal level and recording the resultant AGC output 
(see Figs. 10 and 11). The change in input signal level 
was accomplished using a current-controlled microwave 
ferrite attenuator which was varied by a step change in 
control current. The rise time of the input signal change 
was 4 to 5 times faster than the rise time of the resultant 
AGC voltage change. The measured AGC voltage 
change was expressed as db attenuation change using 
the measured value of K,. The experimental results are 
plotted in Figs. 10 and 11 for comparison with the calcu- 
lated curves. The experimental data agree with the cal- 
culated results to within 0.5 db. 


334 


° 


4 


900 Victor and Brockman: Application of Linear Servo Theory to the Design of AGC Loops 


Th == cmss—=7 
A a ali; nll TL nT am 


. ! 

x d(s)s io es . | 
4 where K_ © (7 db/volt (mecsured) H. where X, * 137 d0/volt (mecsured) tH 
fy X, 8 39 votts/db (meosured) ye Kp e 38 wolts /db (meosured) my i i 
Gans G*h, Ks Gans 60K, 4, ! 
25 v2 O04 second 3a 2204 : 

| fans 23 LUNE ET fam * 207 LTH 
a Qs «681 ee es) 46° «80 00 400 sy gs bo 


Response, relotive 
£ 
2 &l_ 
c 
| i. g 
oh 4 
——— 
= 


ai an’ 4 80 40 100 400 
Frequency, cos Frequency, cps 
Fig. 7-——Frequency response of AGC loop; Fig. 8—Frequency response of AGC loop; 
input signal level = —40 dbm. _ input signal Jevel = —60 dbmn. 


Tn i= T] 


z ' 
3 éf(s) rea H ' ‘ 
: where X, 2 104 db/volt (mecsured) ON 
§ oz Ko * 3.6 voite/dd (measured) it - 
é Goan s Ge KX “Hh | 
25 v = Q4 second tf 
. i 
: hea * 148 cos 
i 7 a.) er a) “0 ~ 2006 
Frequency, cos 


Fig. 9—Frequency response of AGC loop; 
input signal level = —80 dbm. 


a’ 


tegut signal level © 40 dom 
AGS inep troacier function 


“Wet taint wesls <0 ame 
AGC teen bay functcan 


E 4 
2 NUS) © mn nn e nn 
(1*z) *zs i saree )+gs 
where £, ° (79 60/u (mesecred) anere X,* 25 60/u ( mecsured) 
} Ky * 38 w/dd (moewred) } pe Re * 3.6 wed (meesweed) 
i Se ET i Gen + 6+ &, Xp 
; 7e¢04 ose 72Q4 se 
; -  \Thesvetionl nut ; ; ' -~ memeticet aout ‘ 
2 oe - “7 
Be th+ ty (1-0 *} prince aay Betnebe, live =) Ss 


Ye ¢ 1.5 ome 


dl *: 
Charge it reeser ettonsatten, a 


Fig. 10—Transient response of AGC loop. Fig. 11—Transient response of AGC loop. 


335 


* 


‘ 
1 


PROCEEDINGS OF THE IRE 


RMS Error In RECEIVER GAIN 


& The operation of the AGC loop was analyzed with 


random noise jamming, and the root-mean-square 
(rms) error in receiver gain was calculated. An experi- 
ment was then performed using a synchronous receiver 
to determine if the AGC system performed according to 
the theory. The analytical method is presented first. 

The mean square error for the linear system with an 
error spectral density of ,(w) is given by 


o? = - J _eeree. (1) 


If the system is considered to be distortionless with re- 
spect to the signal, the mean square error can be writ- 
ten as 


e* distortionless = = f ” by(w) lH(jw) |2dw (2) 
29d we 


where Sy(w) is the noise spectral density at the input 
in units determined by those of the signal, and H(jw) 
is the system transfer function (dimensionless). 

The jamming noise was assumed to have an rms am- 
plitude of N volts and a flat spectral density of 


ae 1s) 


Aa( FS) =full-scale value of the gain error curve 
= 12 volts, 

Aa’(0) =slope of the error curve in volts/db at zero 
gain displacement for the signal level under 
investigation, 

S=rms amplitude of the signal in volts, and 
2By =the effective bandwidth of the input noise. 


db? 


2Bw cds 


_ Oy(w) = Sx (0) = (3) 


where 


| ge 
o* distortionless = 2y(0) a f \z (jw) [dea db? 
TSI me 


(=)> By eel. |Z (jw) |%dw db? (4) 
(eG) 


where 


= 3 2 
Aa’(0) 


(S) 


1 & 
2B, = — : | (iw) |%deo, (6) 
ar J | 


and the approximate AGC loop transfer function is 
given by 


where 

r=0.4 second, 

Ge=gain of the AGC loop, dimensionless = Kp K,- 
where 


Kp=AGC detector constant expressed in volts/db, 
and 

K,=constant associated with the gain of the receiver 
expressed in db/volt. 


The rms error in receiver gain is obtained by taking the 
square root of (5). 


Aa(FS) WN 
4a’(0) 

Eq. (8) appears in graphical form in Fig. 12 for the re- 
ceiver under test. Superimposed on the graph are the 


measured values for comparison purposes. Agreement 
between measured and calculated values is within 1 db. 


@ distortionless = 


Kg * (79 eb/y (mosnred 


Xp * 37 web (mecwvred) 
. &atFS) © t2¥ 
beth « 37We 
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Fig. 12—Receiver gain error vs input noise-to-signal ratio. 


CONCLUSION 


AGC systems utilizing synchronous detection may be 
analyzed with considerable accuracy using the simple 
theoretical approach outlined here. The assumptions 
made in linearizing the AGC loop are valid for noise- 
free and noise-perturbed signals alike, and the analytics! 
technique is a useful design tool. 

The ability to achieve this goal is based on the recos- 
nition that an almost lincar relationship exists between 
signal level and receiver attenuation when they are both 
expressed in decibels relative to unity. With the esta!» 
lishment of this fact, more advanced noise theory 
may be directed toward the synthesis of optimum AC‘ 
systeins. 
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FILTERS 


Since our ability to determine the peak of the pulse resulting from 4 

magnetic transition depends on differentiation then we need to concern 
ourselves with noise. The input stage including the head is the main source 
of this noise. Some of the noise is white, while the remainder is pink as 
it results from both the head impedance times the amplifier noise current 
plus any diode currents and the media noise. Particulate media is the 
main culprit. The frequencies of this latter noise falls in the bandpass 
of interest and beyond. We can improve the signal-to-noise ratio by 
filtering out that noise above the bandwidth of interest. We also know 


that the head signal contains harmonics which are required in order to: 


maintain the signal PWceg and therefore resolution. For example, if we. 

lost the 3™harmonic then the PW59 would be widened, and the resolution 
would drop, and the voltage time rate of change at the peak would be 
lessened giving poorer peak detection. The filter roll off characteristics 
then are important to us. There are several different filter types 

that we could choose from besides the constant K and M derived types. The 
best candidates are the Butterworth, Butterworth Thompson, and the Bessel. 
The Chelbyshev has ripple in both phase and gain, therefore, is useless 

to us unless we want to use the ripple as some kind of correction for 
existing anomalies. The Butterworth has very desirable amplitude character- 
istics which are maximally flat in the pass band and rol off with a well- 
defined corner depending on the number of elements. The Bessel filter has 

a very long drawn out roll off which does affect the amplitude of prequeieas 


somewhat removed from the poor corner. The Butterworth Thompson is a 
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compromise between the Butterworth and the Bessel filter. In regards 
to Phase and Group Delay the three filters are rated differently. The 
Bessel filter has maximally flaé group delay and the Butterworth 
doesn't. The Butterworth Thompson is again a compromise. Now it is 
obvious that flat magnitude characteristics are desirable due to the 
relationship among the pertinent harmonics. The Maximally flat phase 
and group delay characteristics are not so obvious. If we were to 
take a fundamental cosine wave and add to it a third harmonic such 


that the peak of both start together as in Fig. 10.27, 


Vis Acowet B 2300 (EQ 10.86) 


then we will obtain a waveform very similar to our head signal in Region 2 
containing shoulders. Now if we were to repeat our graphical analysis 


with the third harmonic shifted by a constant angle ® then we can 
Vz Awl t Dos(urs+a) (EQ 10.87) 


see there is peak and shoulder distortion. The peak distortion includes 
both amplitude and peak position Fig. 10.16. Now our main concern is 

the peak as it defines the center of the bit or transition; therefore, if 
we cause unequal phase delay, then we lose peak timing information accuracy. 
As can be seen from Figure 10.15, if our filter introduces amplitude 
reduction of the third harmonic, then the signal PW5q widens and if our 


filter introduces unequal group delay then we have peak shift. 
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It is obvious that the Butterworth filter preserves the amplitude but 
distorts the group delay. The Bessel filter will widen the PW50 a little 
but maintains the peak in position. Most filters designed for disc drives 
use the Butterworth filter with a phase correcting filter in series. 

Some use the Bessel but wonder why the shoulders climb up the waveform as 
Shown in Fig. 10.16. The answer lies not so much in the amplifier but 

in the head. If we go back to Chapter 3 where we discussed the head 
circuit and Chapter 6 where we discussed the Read Circuit we can see that 


the head is a two pole filter as shown again in Figure 10.17. 


The output voltage is determined from the series paralleled network. 


d & 
cS a 
V = Vie a +r Ve ( cs K (EQ 10.88) 
3 al 
= cs R 
is (# Ris + = + Zs 
ao+eR 
( (EQ 10.89) 
ie = Yew ( ac Via win 
os eee tng OE 
te { te ‘ . cod 
57 + oF Se oe 5 74 Zig was ws 


The phase characteristics of this circuit are not linear, or maximally flat 
group delay, therefore, phase distortion is added to the head signal. When 
we design filters to provide the characteristics we need,the head circuit 
forces a different compromise. The use of phase correcting filters allows 
use Of the Butterworth filter without degradation of the PW50 or the peak 
position. There are other approaches that are presently being pursued 
which involve spectral shaping which narrow the PW50 while maintaining the 


the peak position. These approaches permit higher transition densities by 
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eliminating or greatly reducing the peak shift due to pulse crowding at a 
small cost of increased noise. Curves can be generated relating the 
improvements and degradation as a function of the degree of slimming. We 
will not pursue this form of filter here but it might be a worthwhile | 
Study as it has definite advantages. (Mr. D. Huber is very familiar with 
this approach.) The design of these filters has been made easy by 


several authors of Filter Synthesis books. 


In chapter 13 of Louis Weinberg's Network Analysis and Synthesis 
published by McGraw Hill in 1962 and republished by Kreger Publishing Co. 


in 1975, he gives extensive tables for these and other filters as either 


conventional filters and as equal dissipation filters. An analysis of the 


various filter characteristics by Eggen and McAllister is published in 
Electro Technology, August 1966. 
The Phase correction filters or Phase equalizers are the subject of 


several texts. Chapter 17 of Electronic Designers Handbook by Landee Davis 
and Albrecht published by McGraw-Hill, 1957, is a good source. 


Because the head circuit is part of the total gain and phase response, 

the determination of the amount of phase correction required must be obtained 
from the signal itself rather than as input sine wave to the amplifier. 
There are two sources. The first iS the position of the shoulders on the 
head signal. If they are symmetrical around the base line then the phase 
is correct. If the shoulders are not symmetrical but are above and below 
the baseline, then correction is required. The amount can be determined 
by the position of the shoulder compared to a graph, but this is rather 


sloppy as it neglects the phase distortion of the differentiator. 
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The best method requires the use of a current passing near the gap of 

the head which generates a voltage according to the relationship KNDo . 
dt 

The flux generated 5g the current in the wire is loosely coupled to the 

head core which causes a voltage to be developed in the head coil that 

can be amplified. The phase measurements at various frequencies can then 

be plotted if we remember to subtract the 90° associated with the flux 

to voltage conversion. The oscillator must be a true sine wave type with 

very low distortion. Function generators have substantial harmonics and 

cannot be used. The series resistor is equal to the Zo of the generator 


therefore I wire is 


ws = Vs be Veins kK, — | (EQ 10.90) 

neon = = = i TY wee 

Zo : 
AL : 
Ve hed = KN K, 22 = K, MK. af ( V Stas aly (EQ 10.91) 
dt- ee ae 
At 
= wn K, K, VY wwe 
Ze 


Care must be taken to keep track of the phase expected thru the amplifier 
stage by stage including the linear differentiator of the Detector. For 


constant group delay, the phase must be a direct function of frequency. 


E, 
vi 7 + Kr (EQ 10.92) 


Ang Fixep vEltAyS SsivoeeD BE SUBTRACTED FAST. (a Ble om DeLay ewe ) 
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The design of the phase correction circuits must force compliance 
to EQ. 10.92 for all the frequencies possible with the code used, including 


the third harmonic. ( OFAN SUEMAL THAT CMiBiTs 5 HowHORR ve ) 


Notice that the voltage output is an increasing function of frequency 
as shown in EQ. 10.91; therefore, care must be taken to maintain linearity. 
To plot the magnitude one must divide by F first. This will result in a> 
very good check on the Read damping factor if the Bandwidth of the Pre 
Amplifier is wider than 10 times the self resonance of the head. In this 
case the plot must be taken at the output of the Pre Amplifier so as to 
not include the effects of the filters. Any series coupling capacitors must 


be taken into consideration. 


The above measuring technique is very valuable and has been used 


for many years. If the amplifier bandwidth is less than 10 times FRESuean 


then a graphical solution can be obtained if the gain and phase characteristics 


of the Pre Amplifier are known. 


One last problem that can be discussed is the affect on the AGC 
circuits of a signal in Region 2. Here the various head signals have 
amplitudes as a function of frequency. If a signal was composed of a series 
String of groupings of frequencies that are wider than fie of the AGC 
filter then we have introduced an amplitude modulation not present in the 
original signal. Consider the case of two frequencies, one at the 90% 
point on the BPI curve,Fig. 4.3,and the second at the 70% point as shown 
in Fig. 10.19, for a 20% amplitude difference. The AGC circuit on encountering 
the 90% amplitude signal will reduce the gain then on entering the area of 
the 70% signal will (9¢feSethe gain again. The result is a signal with 
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double the amplitude modulation in the areajust following the change. This 


is shown in Figure 10.20. 


Obviously this is undesirable due to the low amplitude remaining 
just following the 90% to 70% change at B. Also the high amplitude at A — 


will affect the linearity range required of the amplifier. ( 5 Huen dotted) 


One solution to this dilemma is to provide a filter before the full 
wave rectifier, but not in the main signal path to the detector, that will 
correct the amplitude differences. Here phase distortion and amplitude 
distortion are of no concern only equality of peak amplitude. Going back 
to the resolution -- our signal will have a resolution of so or 77.7%. 
We can introduce a frequency sensitive impedance in the emitter circuit 


to control the gain just as we did for the differentiator of Fig. 9.134. 


If we do we can write some equations that relate resolution to the 


gain required. 


Kesefution = Vine = C. Ze 4 F (EQ 10.93) 


ay 4 


Vie | Ge - Z. . 


= Amn Ou) 
= _ _ : ( ~{ Ke = ) 
2. a fay R (EQ 10.94) 
F. C HE zt 
nnn C1 ¢ Fe GC HE 
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| : Cnt Fe Xe ne 
Fs Zn, ( &.. Fi, a ) 


~ _ (EQ 10.95) 
o . — me ) 
R 
substituting sine = Can OS (EQ 10.96) 


F, Fn Xe we 


LED 


Fa F Ke He = 7 
U (+ A, Xe ne (+ Cy, (EQ 10.97) 
eh ne eee eS —_—_—————— 
Ke HE 3 2 
ze | + (a e 
| R/ 


\ 


(EQ 10.98) 


(EQ 10.99) 


(EQ 10.100) 


(EQ 10.101) 
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From Equation 10.101 we can calculate the ratio of Xc to R at the 
highest frequency which in turn gives the required correction if that ratio 


is used to obtain 


-~i Xe. | 
Oye fellaek = Car — — (EQ 10.102) 


Ku ten Gue 


a > eae 


(EQ 10.103) 


The result then is an AGC system that does not introduce any modulation 
to the output waveform but retains the original resolution. One point 


of interest is that in disc drives where the resolution is a function of 


radius then the resolution must be taken from a compromise track between, 
but not necessarily half way between, the inner and outer radius where the 


resultant modulation has minimum effect. 


We have now discussed the linear amplifier in which we included the 
Region of operation in our discussion as to the blocks required. We found 
that where a percentage amplitude is not required for detector operation 
then a simple amplifier and phase corrected filter is all that is necessary. 
Where a percentage amplitude is required for detector operation, such as in 
gate generators, then AGC or some kind of amplitude controlled clipping or 
gate sensing level is requivedas wel! as the phase corrected filters. We 
also provided a means to maintain the poor signal amplitude characteristics 
while using AGC. The latter circuit is also useful for driving amplitude 


controlled clipping or gate level sensing circuits instead of a fixed level. 
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— Figures 10.21 shows a typical filter amplifier block. It can be used to replace 
one of the three blocks we designed back in Fig. 10.8. The filter design is 
for a current input which we have with a common emitter amplifier using emitter 
feedback. If we chose a voltage input filter then we must use either an emitter 
follower driver as shown in Figure 10.22 or by loading the collectors of an 
amplifier with a load resistor equal to the filter impedance then we can ponent 
a current to a voltage. Note that the voltage input filter must be terminated 
on both ends, therefore, the gain is half unless the impedance is doubled 


(see Figure 10.24). 


Figure 10.23 shows the four basic types of filters. Each must be 
terminated with its characteristic impedance Zp. The type is determined by 
the input and the number of poles. Figure 10.23A shows a current input and 


four (even) poles, therefore, the output will be a current feeding Zo. 


Figure 10.23B is again a current input with five (odd) poles, therefore the 
output is a voltage feeding Zo. The next figure 'C' is of a voltage input 
filter with four (even) poles, therefore, it has a voltage output to Zo. 
Similarly, Figure 10.23D is a voltage input with 3 poles (odd), therefore, 


a current output feeding Zp. 


Any filter may be used depending on the design. The current input 
type is handy as it can be used directly in the collector of our standard 
linear amplifiers thus minimizing the number of transitors required. The 
function of the Phase correction filter can also be made a part of the low 
pass filter by making its Z, equal to two times the Zy of the low pass filter. 
This is shown in Figures 10.21, 10.22, and 10.24. Although there are several 
forms of the All Pass filter, the most deisrable is that shown in Fig. 10.26A 
and B. Two types are shown. Each of these can be matched to the low pass 


Zo. The first, A, provides a shift of 180° as a function of frequency 
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The second provides a 360° change as a function of frequency and can be 


altered as to the rate of change depending on the ratio of its elements. 


- This is discussed in the reference. The number of poles of the low pass 


filter depends on the slope of the roll off required. But it also affects 
the phase error rate of change which forces either a 360° All Pass Lattice 
or less poles in the Low Pass. Such is the case in many designs where the 
low pass uses only three poles. Sometimes some degree of phase correction 


can be performed by using either or both lead and lag circuits in the 
emitter feedback path. Z celubatoy ch fJhure- Bene Oe 
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The second provides*a 360° change as a function of nmeQucney and can be 
altered as to the — Of change depending on the ratio of its elements. 
This is discussed in the reference The punber of poles of the low pass 
filter depends on the slope aie yi off required. But it also affects 
the phase error rate of changé which farces either a 360° All Pass Lattice 
or less poles in the Low Pass. Such is the case in many designs where the 
low pass uses only three poles. Sometimes Sia of phase correction 


can be performed by using either or both lead and hag circuits in the 


N 


emitter feedback path. \ 


“, 
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One of the variations is the use of separate or different filters for the 


gate and peak sensing channel, as shown in Fig. 10.27A and B. 


One last type of filter that has some usage is one derived from the delay 
line differentiator discussed in Chapter 9; only this time the two are 


added directly. The derivation is obtained from the block diagram of 


Fig. 10.28 
-jwlT 
7, = Vw (| t Cc CEQ (9 (O% a 
a 
T -s3l 
V/ ~ jul -jeT set S G.. 
2 — j eo e << rs camara Tamera —_ 
oe = | +@ = [+e ec eit ev2 EQ 19-105 
jor aj 
wT ~pl — = aT 
_—€‘s +e % ae okt ene Pc 
: 7 eis! = rie 
a a 
J@, .-30 
and from Cos 8 = e ; e Fq. 10.107 
| Ww T — wt 
we get 2(cos > } e @ : Eq. 10.108 


which is a filter with no phase shift except a fixed delay. It is used 
particularly in spectral shaping or in circuits that require no phase shift. 


An implementation of the filter is shown in Fig. 10.30. 
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There is a class of full wave rectifiers that needs no temperature compensation. 
These are the differential type where the Vbe and/or diode drops are symmetrical 
and therefore cancel. The circuit of Fig. 10.3! can be designed for any compatible 
level as long as the input has no offset and is a true differential input. The 
attack and decay can be tailored, but squelch is difficult due to the lack of a 
reference, unless a MOS Fet is used directly across the capacitor. The chopper 
transistors will not work due. to the base current. The optional capacitor, Co» 
around the op amp may be added, in addition to the capacitor , C.. One nicety is | 
that C,provides equal attack and decay, while C, Provides the sample storage 
which is at a higher bandwidth than the op amp can handle. The second circuit, 

Fig. 10.32, uses a multiplier configuration. Again, the same comments regarding 
squelch and Cy and e Careful balance is required of the two current sources, I, 


and I., for correct operation. 


Between the AGC control of amplitude with fixed percentage gate references and 
fixed gain with a level controlled reference type detectors, the AGC versions are 
preferred due to their being under closed loop control, while the signal level 
controlled gate reference is open loop, meaning that under worse case conditions 


the reference can wander all over the place. 


Back in the section on AGC we presented equations, 10.69, to describe the attack 
and decay of the AGC. This becomes very important when we consider the signal 
amplitude envelope resulting from a read. Up to now we have mostly only con- 
sidered the individual pulses, or just a few in a row. Here we need to discuss 
the effect of variations in amplitude as a function of magnetic coating thickness 
and dispersion. Quite often the amplitude modulation is significant and in 


order to recover all the transitions written each and every pulse must be detected. 
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In Fig. 10.33, at A, there is a 50% amplitude reduction and at B a 100% loss 

due to a hole in the media. We should be able to recover transition pulses 

down to around 15% remaini ng. As we discussed the detectors we can see 

that the time channel (if it has sufficient gain, or, in other words, if this 15% 
were used as the minimum signal in order to calculate the minimum gain required) 
will always eenee anes pulses. The problem is the Gate Generator. For Region 1 
we can see that the clipping Jevel must incTude the lowest amplitude expected 

but not low enough to add false pulses due to noise. In Region 2 the Gate 
Generator becomes even more of a problem due to the compromise between the 

center bit of a triple, Fig. 9.22, and the remaining signal in a defect, such 

as A, Fig. 10.33. In order to assist the dete ion of these pulses, then, the 
AGC must be able to follow the modulation. As most AGC circuits in use in 

radio have fast attack and slow decay, it is easily seen that we cannot tolerate 
this behavior. If our AGC circuits were designed to have equal attack and decay 
of sufficient bandwidth to follow the types of defects we want to allow, or are 
forced to use, then the clipping level, or sence level (depending on the Region), 
need not extend to the lowest levels near the noise. The T, then, must allow the 
defect to be traversed with minimal change in amplitude. Being a Type 0. 

loop, it is obvious there must be some error in order to achieve the nessisary 
gain change. Therefore the actual output amplitude change should follow the 


dotted lines of Fig. 10.34. 


The same comments apply if the designer wants to use the amplitude controlled 
clipping . level approach despite the fact that it is open loop. Much effort is 
lost by attributing loss of recovered data to the clipping or sense level based 


on the average amplitude of the envelope instead of allowing for the defect 
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caused amplitude reductions. With a correctly operating envelope circuit the 
clipping level, Region 1, or the sense level, Region 2, may be raised so that 
the detector is less susceptible to the noise, yet is fully able to sense all 


the pulses. 
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In early disc drives and tape drives al] data clocking was handled by a 
separate clock track, as shown in Fig. 11.1. As the data density increased 
the tape skéw in tape machines ana separate head vibration in disc machines 
forced a move towards self clocking data codes. Some relief was obtained 
by breaking up the clock signal intu four phases in quadrature and ecrceeina:. 
the phase closest to the data on a per record basis. These early data streams 
contained long strings of no transitions. Therefore they were difficult to 
use for generating their own clock. Attempts were made, using HiQ ringing 
amplifiers, to fill in the spaces and gaps; but these all suffered from © 
frequency pulling if the tuned circuits were not exactly tuned to the incoming 
data frequency. For example, if the data transitions were continuous , then 
the output phase was a function of the difference between the LC tuned frequency 


and the data frequency. During periods of no transitions, the clock was 


equal to the LC tuned frequency. “herefore the phase error would accumulate 
until the transitions recurred. Variations in disc tape speed prevents exact 


tuning of these circuits. Fig. 11.2 shows a typical circuit. 


The self clocking data codes restricted the maximum spacing between transi- 
tions which permitted the use of either single shot controlled data recovery 
and clocking or, better yet, phase iocked loop controlled clocking and recovery. 
An example of the single shot type is shown in Fig. 11.3A, where the incoming 
transition pulses include alternate clock and data. The regularly occurring 
clock transitions establish a gate for the following data transition if it is 
present. Correct phasing is always established following any cell not containing 


a data transition such as at Do in Fig. 11.3B. 
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By far the better clock generating circuits are the phase locked loops. 
There are four basic types. The type number for the closed loop is obtained 
from the characteristic equation. This equation is derived from the basic 
block diagram shown in Fig. 11.4. The type number is equal to the number of 


poles at the origin of Cis) 


The equation for the Basic Phase Locked Loop is given in EQ 11.1. 


g = Gy _ Ks K Ke Ka Ko 4 
Da p+ Oy Fie Ry pe ee Wo (EQ 11.1) 
Ge. 7 ; + Ks Ko Ke K4 K, + 


27 few (EQ 11.1A) 


where K. is the sample rate expressed as See ees 
: 27 Fase 
Ky is the phase detector gain expressed as either volts 
per radian or amps per radian, depending on the 
circuit used 
K, is the gain of the filter in scandard LaPlace notation 
K is the gain of the amplifier expressed as either volts 
per volt, volts per amp, amps per volt, or amps per 
amp - again depending on the circuit used to interface 
the filter tu the oscillator 
K is the gain of the oscillator which can be expressed 
as radians per second per volt or radians per second 
per amp, depending on the circuit 
The frequency to phase conversion is simply — -- a mathematical integration. 
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The type number is determined by the number of poles at the origin of G(s) for 
unity feedback and H(s)G(s) for non unity feedback. Thus, the single "s" in 
the denominator of EQ 11.2 indicates a Type 1 loop. 


Ga * Sse) (EQ 11.2) 
(Ts +1) (EQ 11.3) 


Go $°( Te 5 + \) 


and a Type 2 for £Q 11.3. 


The order of the loop is determined from the highest order of the characteristic 


equation, which is the denominator of EQ 11.1, as 1 + G(s) = 0 (Ces) 


| bap. 
Picking up the equation G(s) of 11.2 in EQ 11.4, 


= - os : a ee 
Cé =] 4 S(t) =? (EQ 11.4) 
we get S(Ts#) tej = ee ae +S +4] (EQ 11.5) 


which states the circuit to be second order as S is squared. 


Similarly, EQ 11.3 would be a third order when evaluated. 


We can now evaluate the error conditions for various inputs. 


0, = Qe. a (oe — On — 0, (Ge) (EQ 11.6) 
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p 
For a step change in input phase, in radians, L (4..) a (EQ 11.7) 


Therefore 


One = SCin Ge) sehd ot Cow 520 


ster 


For a Tyne 0 loop where G(s) is 


IK 
Co) ~ S++ 


0 = La. 5 Oy — Ze fl s(t5+X% (EQ 11.8) 
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which iS @ (owstawT 8 8=—«- _ DF. 
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For a Type 1 loop, where G(s) is 
6. = K 
go (5) SC PTA? 


U.. = Lu 5G ban 5 Gy (7541) (EQ 11.9) 


= | Pee he | 
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7, 54 
G5) = K ( aaa ) 
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0) 4. S D, Pa Ss Q, 5 (Tat) 
ara J 20 K(%s+) Jz . (EQ 11.10) 
re of ieee See Tyo So+h (TE 54) 
s*( Tse) 


which is 0. 
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Similarly, for a Type 3 loop where G(s) js 
Gy = R(T HK GS +1) 
pi ees een Gee ee 2S 


PC Tse 


| a eh) S %,) 
7 og: 5Q 5 s*(tse1) 
0. * So Sie K(reikrsriy + =! era GaP) 1} oe 3 (Toei) +e (Too T*1) 


leh (EQ 11.11) 


which is, again, 0. 


For a ramp change in input phase 


Lu. = 
Wayne bias 


Starting with a Type 0, 


Y = ik gla 5 Ve t. | 5Q- (Ts+0) 7 « (EQ 11.12) 
one 1,4 H) = 
5S 5290 Ls < AL — eae Ly GET TS 


a ) 
which is continually increasing towards infinity. 


For a Type 1 


).. = pan sade : - pam 50, $(T5+1) (EQ 11.13) 
55 J7O}] § é ne ees 55+) eK Se 


® 
K 


which iS @ Constant 
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For Type 2 


_2f sd : 
Oh S20 lie = don 5% § fia 


pa FS ane Oe ae 
§*(T5 +1) Jrvo stTs+1) + Ks*(TI+1) (EQ 11.14) 
which is 2ero 
And for a Type 3 . 
Dee = Zz. 508 a SQ. 5°(Ts+t) 
S70 s*( 14 K(T5+\Go+1)] = 
sy 2 ere ae S°(Bei+ks (uses! 


CTI 
(£2 ibis) 


which is zero. 


We can also evaluate the various types for an accelerated phase changing input 


where (), | 
Z (y) ne (EQ 11.16) 


wherein we find that the various errors are for a Type 0 and Type 1 infinite, 


Type 2 constant, and Type 3 zero, which can be determined by the reader from 
0 he SP. 
oa = 
oe Ss 53°C + &) (EQ 11.17) 
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We can make a table for the various conditions and types 


Type 0 Type l Type 2 . Type 30 


Ramp RFQ = = |¢-— >| 0 a, | 2s | 

ee | 9 [0 [0 

a a Oe : 
pel | = | =| & 


if we remember that to convert from phase to frequency we multiply by S, as 


shown in EQ 11.18 . and fram Freguency To Phase we diviae by S$ fuey then Cancel 


anq we heave oF o Ciaol<e. 


SQ Ss - 
Fg seats ~ (EQ 11.18) 
SJ S270 s(5(1 + wa) 


for a Type 1 step change in frequency. 


When we choose between the various types, then, it is desirable to have all 
input variations result in zero phase error. This only occurs for a Type 3, but 
in practice the ‘accelerated phase’ condition, if it occurs, is only for a short 
time. Therefore, as the Type 2 is easier to build, it is preferred. This is 


borne out in testing, comparing the two in disc drives. 


As we developed the equations for G(s) for the various types the reader may 
have noticed the addition of zeros for Types 2 and Types 3. This needs explanation. 
The Nyquist criteria requires the phase shift to be more positive than -180°%at 


the point of the zero db gain crossing of the open loop G(s)H({s). For Type 0 


12.7 
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and Type 1 the maximum phase shift is -90° and -180° respectively, at infinity. 
For Type 2 the phase shift starts out at -180° and heads towards -270° follow- 

ing the pole. To make it stable, a zero has to be added before the pole. For 

Type 3 the starting phase is =270" heading towards -360° due to the pole. The 

addition of two zeros before the pole brings the phase above the -180° required 
for stability. In all cases the pole is not required but is usually present 


due to stray effects. 


The addition of these poles and zeros introduces another parameter called 
‘order.' The order of the circuit is determined from the order of Characteristic 


Equation, or the denominator of EQ 11.1, ia ia ) 


l + 6) My =O | (EQ 11.19) 


KK 
For example, if H(s) for unity feedback and G(s) were (tie) then 


S(TseI)+K =o = Tst4+5+K 
(EQ 11.20) 

which is a second order equation, hence the term ‘Type 1 second order’ when 

referring to that circuit (see also EQ 11.5). First order and second order 

circuits are well described in the literature and there exist many curves 

and equations relating their behavior. Third order and above are more 

difficult to predict, except as the entire equation is evaluated on a computer. 


The tradeoffs are not easily seen, as with the second order circuits. 


For example, second order circuits can be described in terms of J and “n 
and are easily changed to obtain the required responses. Figs. 11.5 and 11.6 
show the step response of Type 1 second order and Type 2 second order, respec- 


tively. 
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The open loop Bode plots for several configurations are shown in Figs. 11.7 

through 11.12. These are not the only ones possible but are representative. 
In each case notice the stability criteria constraints. In Figs. 11.7, 8, 9, 

10, and 11 the circuits would be unconditionally stable and in Fig. 11.:2it 


is stable only if the gain goes to zero well before the phase reaches -180° 


ee 


In Fig.11.11 stability is only achieved if the gain goes to zero between the 
zero and pole. Due to stray capacitances the stability of Figs. 11.10 and 
11.12 are questionable but predictable. The circuit used to obtain Fig. 11.10 


is quite popular and is often used in the trade publications. 


The -3db bandwidth in radians/sec is given for a Type 1 second order system as 


care = Ww yin 25 2 J 2-45%+ el” (EQ 11.21) 


and for a Type 2 second order circuit as 


Uns = Wiyit 2) + Yree) ey} (EQ 11.22) 


The settling time for a step response (within 5%) for a Type 1 second order 


system is approximately 


uy 
Bo. Se 
setting 3 Wn | (EQ 11.23) 


The curves of Figs. 11.5 and 11.6 correctly predict this behavior. 
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The Bode plot of Fig. 11.11 requires some further treatment as the presence 
of the added pole makes it a Type 2 third order, which is not so easily 


discussed. The Characteristic Equation is 


K(T3+ 1) ; 
= i. eee 
am | s°( 5+!) = (EQ 11.24) 
as” HES bK BS (EQ 11.25) 


We will return to this later, after we have demonstrated the difficulty. 


Our best approach is to provide circuits to fill the blecks and then design 


several loops as examples. 


Y Detectors 

The phase detector takes two forms, either the non-harmonic type or the harmonic 
type. The first is the kind usually used in frequency synthesizers for continuous 
waveforms. There are several forms. We will restrict ourselves to only the 
digital forms, as they fit the circuit blocks we might use. The second are 
insensitive to missing cycles or pulses such as occur in a data stream. The 
first kind develop false errors if a cycle is missed. Since we need both kinds, 
we will develop several of each. The test of a phase detector's function is the 
phase transfer curve, which relates the detector's response to various phase 


errors. 
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Non Harmonic 

There are two forms of these. The first always produces both UP and DOWN 
errors. The average a these two errors becomes the error signal. The 
phase reference is 7/2 radians; therefore they are called quadrature phase 
detectors. Examples of these are the exclusive "OR" circuit or the ee 


plier configuration which is a current exclusive or output device. 


In Fig. 11.13B we can see the operation. Any phase shift to the left (early) 
or to the right (late) causes a shift in the area of the UP or the DOWN error 
which, when filtered, produces the desi-ved error. The circuit has no dead band 


as a result of the two errors always being present (see Fig. 11.13C). 


The second form are the "in phase" versions. They produce an error referenced 
Co the edge of the waveforms. The circuit of Fig. 11.14A is one of these. 
This circuit is useful but suffers from some dead band due to setup and 
propagation times. Also, the filter must be able to handle very narrow pulses 
when the phase errors are near the phase reference. As also the logic family 
chosen must be able to handle the pulse widths (Fig. 11.14C). The circuit 

of Fig.11.15A does not exhibit dead band and is therefore preferred. There 
are commercial versions of these available; the Motorola MC4044 and 12040 
being typical. These have similar waveforms to those discussed. Again, dead band 
and logic speed need consideration, particularly when the logic response times 
are an appreciable part of the duty cycle as this increases the tolerances 

or phase jitter, which can be referred to as spurious sidebands in the closed 


loop operation. 
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Harmonic Phase Detectors 
These detectors are required for data synchronization due to the nature of the 

. data. A stream of ones and zeros require insensitivity 
to the missing data. The detectors already discussed fail in that they produce 
false "DOWN" error at the missing data time. The design of this class of 
phase detector includes circuits that allow the phase detector to work forcone 


cycle following an input pulse. 


One version of this is shown in Figs. 11.16A, B, and C. The circuit is similar 
to the non dead band version just discussed except that a gate has been added 
to condition the lower "D" F.F. clocked by the oscillator. The delay must be 
equal to,or slightly less than one-half period of the oscillator plus 1 logic 
delay "C-Q" and 1 "D" setup time. The difficulty of this approach is that 

the input frequency has some tolerance due to tape speed or rotating discs. 
Therefore the phase transfer curve has a truncation at the leading edge A. 

If the total delay were greater than a half period plus the other two delays 
then there could occur a false down error of 7 or greater, depending on the 
location of the following, pulse. The circuit of Figs. 11.17A, B, C, 1s no 
better off as it also requires a delay. Here the incoming data sets both the 
UP and the DOWN error simultaneously. The UP is reset by the fixed delay 

and the DOWN is reset by the oscillator. The resultant error is the difference 
in area of the two wafeforms. The reference @ is the output of the delay line. 
The delay required to reset the UP FF must be equal to or less than one half 
an oscillator period. If it is greater, then the phase transfer curve is 
distorted in that the DOWN error is shortened at the previous oscillator edge 


instead of the correct edge for a late pulse. Fig. 11.18. For delays shorter 
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than half the oscillator period the phase transfer curve is ¢rurcacec/ . As 
can be seen, the need for a conditioning circuit causes the phase transfer curve 
to be less than ideal due to the fixed delays versus the variable oscillator 


period and/or the input frequency. 


Detector Interface 

The output of all the phase detectors illustrated so far are voltage pulses. 
The interface to the filter sometiines calls for a current. If this is the 
requirement then the voltage output must be converted to a current. Where 
narrow pulse widths are expected, as will occur in the circuits of Figs. 11.14, 
11.15, and 11.16, the current conversion circuit must have very wide bandwidth. 
Current switches of both polarities are often used, such as in Fig. 11.19, or 
a smal] capacitor can be added to a resistive convertor to "store" some of the 
energy of narrow pulses before integration, such as in Fig. 11.20. This wil! 
become more obvious as we discuss filter circuits. The gain of these detectors 
are V Logic Swing for the voltage circuits and = for the current 


TT fidtans 


switch forms. 


® 


Another type phase detector is the sample and hold. It requires a time varying 
voltage driven by the oscillator which is always of the same slope and a sample 
circuit. These are inherently Harmonic detectors in that the sample is always 
initiated by the incoming data. The pulse width of the sample gate must be 
small compared to the oscillator half period. Also the ramp must be symmetrical 
around some reference. Some phase locked loops are built around a ramp oscil- 
lator which automatically provides the time varying ramp. One problem with 
unislope ramps is that a very fast return edge is required. This could be a 


very fast capacitor discharge (Fig. 11.22) or it could be a 180° phase reversal 
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of a symmetrical triangular wave (Fig. 11.23). .The latter type are easily 
obtained from the oscillator by using an amplifier similar to that which we 


developed to handle two separate inputs as in Fig. 10.4. 


The sample gate must be able to handle the full swing of the ramp and pass the 
charging or discharging currents into the hold capacitor within the period of 

the sample. There are two kinds. The first is illustrated in Fig. 11.24 and 

is a transformer driven diode bridge. It can handle both the positive and 

the negative portions of a ground referenced symmetrical ramp, as well as the : 
discharge and charge currents of the holding capacitor for bidirectional 


samples. 


Another form that is currently popular is the analog switch shown in Fig. 11.25. 


This circuit has series resistance and therefore requires careful consideration 


of the RC time constants of the hold capacitor and Aps of the Fet. The 
phase transfer characteristics of these circuits is shown in ig. 11.26. The 
limitations are the sample period and the bandwidth reserictsons to the fast 


return slope. 


There are no commercial versions of harmonic phase detectors available. However, 
the non harmonic types already referred to can be made harmonic by the addition 
of the en able gate structure shown in Fig. 11.16A that is made to block the 
oscillator input in the absence of data via an AND gate or the reset input 


to the lower "D" FF. 
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Oscillators 

These are all either voltage or current controlled oscillators. Their purpose 
is to produce an output frequency that is a function of some control input. 
They can take the form of controlled multivibrators, controlled LC oscillators, 
or controlled sawtooth oscillators. There are a large number of commercial | 
types available and many other circuits using discreet components that can be 
built. Except for the linear LC type oscillator, their frequency period is 
subject to the noise around a threshhold amplitude where the level of charge 

on a capacitor is used as one extreme of the oscillator output swing. Some 
commercial types require very careful power supply filtering or isolation in 
order to reduce their susceptibility to injection locking, even though separate 
pins are provided for the oscillator power and the output driver powers inputs. 
Very careful layout and component placement is required for best stability or 
minimum phase jitter. This is particularly true for the control input which 


is the error voltage or current. 


A voltage controlled multivibrator may be constructed from a bidirectional SS 
circuit with positive feedback. The circuit is shaun in Fig. 11.27-and can be 
designed for either ECL outputs or TAL output, depending on the positive supply 
and the resistor ratios R, g,used for the clamp. Sensitivity can be altered 
by changing the ratio between Ras Ra» and Re. As the value of Ry 1s lowered, 


the change in frequency as a function of the control voltage is smaller. 


The frequency is determined by the clamp voltage, the current source values, 


and the capacitor value. 
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Pi 


{ Sou.ecEe 


Fe aT VS oo (EQ 11.26) 


le 


and r 


Ar (EQ 11.27) 


zl 


JECRCEE = ae > 
(EQ 11.28) 


Another ECL oscillator can be built using the line receiver 10116. Here the 
discharge current for the capacitors is provided from the four emitter return 


resistors supplied from the control voltage. 
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A simplified schematic is shown in Fig. 11.29A. If we refer to the waveforms of 
11.29B, then we can see the operation of the oscillator. The most positive level 
is clamped by the output emitter followers. The actual voltage is determined by 
the Vbe drop resulting from the emitter current. The other side of the capacitor 
would normally be pulled down to around -1.8 volts, but the capacitor will not 
allow this change until sufficient charge is accumulated via the resistors and 
the control voltage. The non-conducting base, B3, voltage will be held steady at 
-0.6 volts while the conducting base, B7, will be pulled above 0 volts by the 
action of the capacitor. The capacitor discharges to the point where the base 
voltages are equal, which initiates the reversal. The gain of the other stages 
increases, Slope of the RC waveforms around the transition region in order to 
improve stability. One of the greatest concerns is that the base voltage of the 
conducting transistor is above ground while its collector is around -1.0 volts,. 


Clearly saturated. iInwtéAwact clamping Forces tis LEVEL PIOLE NEGITIVE NESTING I 4 OE 
LiwGal dIPERATIOM BuF FREQUEMYy I$ AFF ECTEQ by INE ChAM/UE ACTIOU 


A sawtooth oscillator can be built using discrete components. One of its 
biggest problems is the flyback circuit and the time for flyback. It is shown 
in Fig. 11.30A. Saturation storage time can be minimized by using gold doped 
transistors or schottky clamps. The flyback transistor base pulse width is 
controlled by the propogation time thru the comparator and can be extended by 


the use of a capacitor C,. 


The frequency is controlled by the current source Q1 as controlled by the 
control voltage Vc. The peak of the waverform exceeds the comparator voltage 
due to the comparator response time. The base drive for Q% is increased by the 
emitter follower Q. As can been seen, there are a lot of tolerances or 


dependencies that affect the frequency. These type oscillators can only be used 
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for "low" frequency work meaning below a few Mega Hertz. Above this, the flyback 

time takes an appreciable portion of the cycle thereby altering the phase transfer 
OF IOVME WAVE O8IATOLTS 

curve of the phase detector. Some of the commercial vers ions, include the M(4024; 

1648, 1658, 748124, and 74LS124). Of these the MC1648 jis an LC version oscillator 

that requires a voltage variable capacitor to control the frequency. Data for 


these are contained in their respective data sheets and will not be discussed here. 


The gain of the oscillators is expressed in radians per second per volt, 


or radians per second per amp. depending on the type filter. 


| FILTERS The purpose of the filter is primarily to provide some bandwidth limitations 
while providing the desired poles and zeros for stability. If we louk at G(s): 
it contains a single S term in the denominator from the frequency to phase 


conversion. This by itself provides a pole at the origin making a type 1 loop 


without adding any other components. The response time of the loop to a step 
change in phase is shown for second order systems back in Figs. 11.5 and 11.6. 
Knowing the overshoot permitted and the repsonse time for settling, the bandwidth 


can be obtained from the graphs. The filters take three basic forms. 


The first filter, Fig. 11.31A, interfaces the logic blocks producing the 
up and down errors as voltage pulses. Its transfer function is stated below. 


The effect of C, is to capture the narrow error pulses that the OP amp cannot 


respond to. 
: id oe 
Vi. = (% + &s)- 1.( a5) (EQ 11.29) 
a x. wa EX 11.30 
Oy = -J, (&3)r I. (a3 = &) ( 
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Ri Fas Via 
! fe 
- ES O Mas | 
t =_ G > 
Rie cts -£; i, LY#, a), (60 11.31) 
y i 2 TaSA 2 + a5) ~CFS 
- ES 4 tos 
Viw Vis (EQ 11.32) 
ss ee Ri ( Les +1) 
| : - Ve 5 (EQ 11.33) 
Rr - C,5 R, (5 + | 
; _ (EQ 11.34) 
det Ax. ideal OF amp us ~ Le : 
var _ Ve GS (EQ 11.35) 
RK, ~ ROSH 
—Cc5S + a ae 
“aelan! 
K = K,0,5+ ! (EQ 11.36) 
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Notice that this filter has a zero at RACs a pole at RIC, and a gain of RIC. 
The filters of Fig. 11.31B can be analyzed by considering the voltage out is 
i fo ) 
eae + 
= 1 t det 
9 ™ ee a = ote “a ak aaa o (EQ 11.37) 
eet es, * | 
Z ROS & | , 
PGs #l S BRGGS™ eee 


= eee a | (EQ 11.39) 
RO Cz 
§${Q+*G ( 5 +t) | 
( ) ar 5 ot a ) 


] RC,C | 
Which is a pure, integrator, a zero at RC, , a pole at C = » and a gain of 
] 3 1 “2 


C,+C., . As can be imagined, the added S in the denominator can be used to 


change a type | to a type 2 loop. 


The filter of Fig. 11.31C can be similarly analyzed. Here the imput is a voltage. 


such as might be stored on a holding capacitor C, 


| q = | (EQ 11.40) 
V.= F° Gs ys (aa) 

mn al s,RGGS eevee 

C5 + K + os 5 (RaGS + C) + ak Seas 


= VA (EQ 11.41) 
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ees oe ost 

RC ] a _3 
Again there is a single pole at C,+C, , and a gain of C +C, . This would be fine 
for a type 1 system as it does not introduce a pole at the origin. The filter of 
Fig. 11.31D is for use with a current input 


V3 = L aw Ze 


RO S+ 1 (EQ 11.42) | 


PE, a A 6 rttas of = 


which is a ee zero at Roy anc a pole at the origin. Vthis particular filter © 
is not reliable at high frequencies due to stray capacitance, which makes it : 
look like EQ 11.39 where C, is C, of EQ 11.42 and C, is the stray capacitance 


in parallel. 


There are many other variations that could be desired depending on our 


requirements. For our examples we will use the filters of Fig. 11.314 and B. 


The filters can be used if the pole associated with the stray capacitance is 
far removed from the zero. The last remaining block is the sample rate block. 
Usually with a data stream there are at least two (a maximum and a minimum). 
pulse rate that are subharmonics of the oscillator frequency, Therefore, there 
is a maximum gain and a minimum gain to be specified. Both cases should be 
calculated. The loop performance usually requires the maximum peak overshoot 
response to occur at the maximum gain therefore this value must be used to 


establish the loop conditions. The sample rate gain is 


UW ampre ZT F sanne Fs ampce 
2 —_—_—_—— — 
i vee 27 Fos F ose (EQ 11.43) 


for the filters we will be using or if we used the zero order hold circuits 
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such as sample ana hold the gain is 


fon 7(z,) ly 
es — 1T ww, (EQ 11.44) 


where W is the radians per second of interest and WS is the radians per second 


of the sample rate. 


The design of a Type 2 phase locked loop is shown in Fig. 11.32. We will 
first specify the loop. The input shall be Fn :2.5 MHz. It shall have a maximum 
peak overshoot of no more than 5% and a response time of 2.0 us to within + 5%. 

The oscillator shall run at 5.0 MHz and shall be able to capture within + 20% 


of 5.0 MHz and be able to follow frequency excursions of + 5%. 


If we look at the graph of Fig. 11.6, we see that a I of 2 meets the 
criteria of 5% maximum overshoot. The error comes within -5% at around a 
Wat=0.5. Since we want to settle within + 5% in 2 us, then 


OF O.> : 
ir a i (EQ 11.45) 


The gain of the oscillator is determined from the curve, Fig. 11.33, far the MC 
1658. If we choose a nominal control voltage of -0.7 volts, the FC, product is 
950. For a frequency of 5.0 MHz, the capacitor must be 


GSO mt2-0F 


= 190. 
5. mee 70 CF 


(EQ 11.46) 


which can be made up of 180 pf + 10 pf or 180 plus a variable capacitor to 


fine tune it in. To obtain + 20% range, the error voltage excursions must 
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include 


qso + (2302) i ee a aee (EQ 11.47) 


on the curve. These control voltages represent at 1140, up to -0.45 volts and 
down to 760 at -0.95 volts. The gain Ko of the oscillator is in radians per — 


second per volt 


aT (izoe — 2/0) mie +% ; 
2. ned/ (EQ 11.48) 


The gain of the phase detector is 


K, = 


Now: eee . oF = 0.2134, 
or ogee 7 (EQ 11.49) 


The gain of the K sample is 


215 me 


~ - 
oO MHe = ra (EQ 11.50) 
The gain of the filter is Kf 
K, = ALG Se | (22 11-36) 


ac S( EO 5 + 1) 


To get and Wn specified, we need to write the entire equation. We will include 


an attenuator Koe as we may need it. 


W) bs) : Ke K, Ke K a 


oe = 
2 Pw by) Tt Koki ke ka ky (EQ 11.51) 
Ss 
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We? Fe + | 2-TFxco” A pet” . ‘i 
£ = (0 213 %4y 4 peers tet eta mle </ 
) PE es SiR Ss | 
j+ C mye AG Se) K, o-7uo! — ids nd, pals Sa 
h, Ge 44 5(KLse1) 


(3- Wan «cod se ( R2GS + |! oe) 
S 


AC 5 ( uo 


[+ 3-66 2n0° ) Cx RiCz25S ana } 
S KC 5 C “ses ) 
If we look at the characteristic equation of the denominator, we can determine the 


\ 


ih) 


response : 


ai li K 


3 
u 5 ‘ é 
che BROS + sebbuo® He GS + dbbmo Ke (ey 14.53) 


which is a third order equation which was forced on us by the inclusion of C, used 
to improve the repsonse to very narrow phase errors. If we ignored this C, and 
rewrote the equation making sure in our design that the pole R,C,; is more than a 


decade above the zero, we can proceed with a Second order solution. 


k RK, +2; A,aISt | rig: ia en 
= = . 54 
F R, Ri. 5 : | 
now rewriteing equation 11.52 
| ; 3-62 x00" , R2Q5+ -) (0 11.55) 
- = f = i 
C, E. S A Ry CG S 
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= ' »606 xe © ic = AO 
Ke (ap) + 3.66 Ko" Ki (&G) s + 3 KD a 


(EQ 11.56) 
i 3. beteeo Ka hele 4 Bubb Ko” Kx 
° —— 
i a a “a QO (£9 11.57) 
J-6b2xCo K Pa Seo | 
Therefore, —— = . (EQ 11.58) 
t*ea 
(3-66 reve Kx Lk&) 
= (ei 
and LZ ) U/,, g. Ke (EQ 11.59) 
t 
| CK 4 
4 %-662% X10 xX & | 
a, “ees 
(21 6 QV >Ko") — lo ia Ri (EQ 11.60) 
6 
Therefore, K. kK. ee = 0-273 (EQ 11.61) 
——ae 3662 Wo 
A, 
& 
3.662%x0 Ky. = il 
going back to ~ WJ, = Ze ={ 21> &e (EQ 11.62) 
( eo 
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om {- 796 Krot 
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Now we know that 


Ka 2 oa = (I aekuie We. 
RK, 


If we choose Co= 1.0 Xx 1078 farads, then 


9-273 


ss a (i-706 wot Xio*) - 


[.40 or ov 


| 4 oe 
which also means that Ku | 2 (l-700meXis = [-706"*0 Ww 
K 


then R, would be 


|! 


> SSR SRN eee aN ON IEPA ALTE = 


[-7o6 “lo” 


so if Koewere 1, 


S146 Kio” ony CIEO.W 


kK, = 


[boa n 
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(EQ 11.63) 


(EQ 11.64) 


(EQ 11.65) 


(EQ 11.66) 


(EQ 11.67) 


AS Bij (5 Tao tARGE™E 
Therefore we may need an attenuator for interface purposes A. Now we have all 


the parameters we need for design. 


We should review the change in voltage out 


of the OP amp to see if it can drive the attenuator for the frequency range 


since we need some interface to the IC. 


th 


> 1172 


(EQ 11.67A) 
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5 (2 Veer) = (0.47 - ees) = = 2 V we lcs (EQ 11.68) 


Now we know R, Ros and Cos we can designate the locations of the zero 


f 


l - aoe = = b-2¢ Keo” read 
ne - pees . -3 : 
Ta aC y (EQ 11.69) 


Ay Ce 
& : 
6:25 xo = 7 Fy Xo rs = ~ lo.UHa 


a 


ov 
27 
We can now draw the Bode diagram knowing all the information we have. We now : 


need an equation to describe the zero gain crossing Wen of the -40 db/decade 


(-12 db/oct) slope determined by the 5¢ in the denominator. 


/ kK, Af K, Ko Ke Ke Ko Vem reel (EQ 11.70) 
Khem ne Lele) 


~ Pe = Sx EQ 11.71 
V2 5 (0. MX ¢. (mae reese G ae 7st) oa (EQ 
The zero is located at 6.25 x 10° rad, the phase 
ig. 11.338 


which checks with EQ 11.45. 
margin at the 0 db crossing of the open loop is 86.4 as obtained from Fig 


and 


ie. 2 
d ( teas T) =. Cen! (10 firews) 
; (EQ 11.72) 
| = Go' 1b = 864 | 
We should investigate the phase error that results from using the OP amp. The 
3 
Ro , 1.60 x 10°. 1 36 


high frequency gain cf the OP amp i 7 10 


12.27 


\ 


46 4973 


oe 


MADE IN USA 


SEMI-LOGARITHMIC ¢2 CYCLES X 70 DIVISIONS 


KEUFFEL & ESSER CO. 


KE 


sabia 


se 2, 


__, ALL RIGHTS RESERVED. PUBLICATION INTENDED. 


The manual for a ya 741 shows a phase shift,closed loop at a gain of 1.36 of 
around 45° at 0.7 MHz or 4.4 M rad above %"Odb crossing which dictates a 
loss of about 12.8” phase Margin and some increase in overshoot and settling 


time. The same goes for any pole we might add by placing a C, in position. 


yw + = a | 
I _ + 2 ete (EQ 11.73) 


=f O L 


& = 3.el(xwo && 


which is the largest capacitor, we could add half way along the R, or at the 
586 « to 586 nx junction without subtacting more than 5° from the phase margin. 
This would place the spread between the zero and pole of ae aoe 160 
which is adequate. Now the phase jitter is described by the equation for a step 


0 error of 1 


| | were 1) 
: G(s) ap : (0. 2713) ery [erly wks 
() Vis ——— sae _ 
Ss 


oc (+ ow 1-6 OFS x 


ae | i > 
©) $ it (02 2) terre) Co eae _ 4) 
(€0 (f- 7% ) 
i pie Fe oar ae a i) 
Ger %9 ( er T §.25K05 : : 
a ae : — : 
f+ 6:25« 3*(ntnd Ss! ) bs oc” + lorewtArbue Js +6 snes) 
N y ¢ 
oc 
(EQ 11.75) 
- 
- ad arn’? (bebe s+ ') 
TE Lg ( I éne S+ |} T 6 
a we 4 (o 
> So + 2 , wis + win 5 S$ pt (26x00 S$ # 6:25 


(Ea 76) 


12.28 


ALL RIGHTS RESERVED. PUBLICATION INTENDED. 


ms 2 3 wn : 
TT h ee | 
= — | (EQ 11.77) 
ae ; 
$* ~- 2 } un S + wn 


The solution is | (EQ 11.78) 


~ A aig. 6 } 
Va, oe [peg seer — em aire] 


As can be seen as long as we keep the bandwidth up to improve the response 
to a step change in phase, we introduce 9 errorsin the oscillator wash 
always occur when reading written transitions due to both noise and pucse. inter- 
ferences as discussed before. The ideal solution would be a system that would 
lock up fast and then revert to a low bandpass loop while reading transistions 
associated with the customers data. This is accomplished by having a preable 
prior to the data areato be used for locking the phase locked loop then changing 
the location of the zero, perferably to lower the bandpass, and hence the jitter. 

Now in the example just cited, the zero is the result of Ro and C, around 
the OP amp. We could change the location of the zero without changing the gain. 
If we examine G(s) the gain of the filters is ty which means we could lower the 


zero by only changing Ro. We could do this with a Fet if we could accept the 
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transient associated with the Ce os of the Fet. If we did this, we could see 
from the resulting Bode p/et that we really need to lower the gain at the same 
time, in other words we need to lower Wen the same amount that we lower Wz, but 
Wen = 4K, therefore, we need to look elsewhere to do the job or allow greater 


time for lockup or allow a compromize. 


There is a better filter that can easily be used that allows both gain 
and Tz to be changed by only changing one component. I* we use the filter of 
Fig. 11.31B in conjunction with current convertors for the phase detectors, we 


get interesting results. 


ws = Ks Kp Ke Ky Ke | (EQ 11.79) 
z | 


ame 
Now the gain of Ky is in Padian or I source/f radians. The gain of the filter is 
given in £Q 11.39. 


‘| f RC,5S + { 
Cw — (ei oF as CEE ROQilz okt 227 KO (eae 1] .80) 


Therefore, the characteristic equation is 


7 K RQS+/ 
gz [+ by = a 27700 anf fl Iz Tete REL AEE ay 
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> a 
=RGGS (Ge OD) grprie' (Nha) RG 5 + wxmme Lk (EQ 11.83) 


which is a third order equation again. We can take two approaches. The first is 


the same as before where the pole is widely separated from the zero by at least 100. 


KG; Cu 


[Fr Ta = KG, Steet ae Cote (EQ 11.84) 
loo = Te © RAGED ot : 
TP? AR Ci Cv - Cc, 


C 
& sioo-' 299 (EQ 11.85) 
( 


If we take the same parameters as before, the filter would be that of Fig. 11.31D 


which has an impedance as given in EQ 11.42. 


by) = G arrvet{ Lf J) & cee sae | (EQ 11.86) 


C.F = (+ (. rw {LY ka Y — ; (EQ 11.87) 


Rad 


~—= $ pee 4 29J.0°(T Kx. RGS5 + W297x0 L KX 
Ce 


(EQ 11.88) 


w - : U 
Ww = fas x ia) = w&e77rne L Ky 
Cu 
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as 
ie >)” 6: 
Ww, = (2:5 x24) = ¢-277M0 L Kx 
aa aaa (EQ 11.89) 
= . 
wu 
~ GL (2sx0” 
va K ~ C. (2snet) =~ (i-+ 54 wot )C, 

Y'297 Ko © 

(EQ 11.90) 
6 
23m, = CL YWrruc) = roo = ter T eRe 
“ (EQ 11.91) 
If we let C, = 1078 Farads as before, then 

; -+ 

IL Kx = 4% we (EQ 11.92) 
(“ 6 i 
GQ +297 woh ar Kvro Ne 
(EQ 11.93) 
G 
‘ R = ze) 
fo a : 3 

; (4297 08K bore ws) eae ie (EQ 11.94) 
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which looks familiar. We could raise the current by changing C., and C, as t 
as part of the gain. The current source could be 145. wa without an attenuator 
a 1.45m@with a 10:1 attenuator which should be better unless we run into 
linearity and range problems. C, would be | 

Ce 


eee = (Ol, pe 


74 (EQ 11.95). 


Now we can calculate Wcn = afk, as 


) 


(« +277 wo! K bamue? 


= 263K. gaoues (EQ 11.96) 


(o7? 


wr 
[i 


»y, -3 -—s a 
KO = ({-6 we lo J = Wrens (EQ 11.97) 


which all gives the exact same Bode diagram as Fig. 11.338with a loss of - phase | 
margin at the zero db crossing except we do not need an OP amp. To get our lower 
Bandpass for less jitter, lets change Tz to 1.6 x 1077, To lower the Wz and the 
gain,we simply raise the resistor R of the filters by 10 and change the current 

of the current sources by(10) from 1.45ma to 14.5 pa. This would work very wel] 
as the pole associated with C, does change therefore, the loss of phase margin 
is less. There is no disturbance to the error voltage by changing R unless the R 
switch introduces an error due to stray coupling. The whole Bode pfot moves down 
by 1 decade meaning that the settling time is now 20 us insted of 2 us which is 
jdeal after syncronization. — 


The second version is to make the separation of the pole and the zero 16 


in order to get as good a phasemargin as possible. Unfortunatly, we cannot obtain 
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a phase margin sufficient for a J of 2, so lets see what we get if we keep the 


zero at the same location. 


~§ | 
Ce [DO Ads -/?0 
ad axomezsearamae - - “ ¢ 2 = 6C6, 
CC ae Se ee ee (EQ. 11.98) 


substituting in EQ 11.81 


RSS de nce / 


C.F Sltig = 1% | 4 (saretf{ Lek (a+ XS aera (era) Es +) (e9 alee 


KRople 2. : 
= § Carey ‘é- ae 5 + ') + Q:277?K0O La He (AG5 +1) (EQ 11.100) | 


=f (eats) 4 bea)s™ EE GINO *Z Kg RES + «24700 L ke 11.101) 


The usual method of making the Bode plot is to locate the centroid between 
the zero and the pole on the W axis on semi log parer and draw a line with a slope 
of -20 db per decade passing thru zero db. Then on this line locate the zero and 
pole and draw lines -40 db/decade passing thru each, the pole and zero making, the 
line thru the zero extend to the 0 db axis. The intersection of this line with the 
0 db axis is equal tol K,. The phase bulge extends from -180° on the left upwards 


_ peaking at the centroid and trailing back to -180° to the right according to the 


equation. 


~ =| mw <— | 
6: -190 + Go wh -Go wh (EQ 11.102) 
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Therefore, at the centroid we have a maximum phase margin. If the data recorded 
has several frequencies such as 1F, 2F, and 1-1/3F, then the 1F and af in radians , 
should be placed on either side of the zero crossing equally spaced on log paper 
Fig. 11.34. This will provide the best possible phase margin for all frequencies 
of interest. If the spread between frequencies is large, then a wider spacing is 
required wetwean: the pole and zero. Notice that the gain K of the loop is changed 
by the data (sample) rate. Therefore, all frequencies of interest should be given 
the best possible phase margin. Such will be the case if, in our example starting - 
at EQ 11.86 the sample rate were used that corresponds to the lowest sample rate, 
then for all higher sample frequencies the system should be stable unless the 

pole is exceeded (associated with RC, ). It should be neted that the phase margin, 


hence 1 is a function of the spacing of the pole and Zero. 


Since the solution of a third order equation is not so straight foward 


we will try another approach. (from G Winner and R. Spencer) 
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J=Q, 1F + Q,Q,1F 

K = Q)Q,7F + Q) IF 
All this can be implemented as shown in Fig. 12.16. The decode of phase 
modulation slightly different detector than we have used in the past. 
Depending on the resolution, where we do not need a gate generator, the circuit 
used for a split Bi Directional Single Shot will suffice directly out of the 
differentiated and limited signal. If a gate generator is used, then the split 
Bi Directional Single Shot is the last block. The phasing must be compatable 
(+ = 1) because the zeros are realy superfluous; we could ignore them and just 
use the ones or we could use them and repeat the circuitry . Lets do the 
later as an exercise. To provide Precompensation for P.M., weagain need a truth 
table only this time we need to look at four levels to anticipate the peak 


shift. The sequence is shift-data-clock-shift. 
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As can be seen, the gain required for best operation is higher than one would 
expect using the graphical design approach. It also makes the Odb crossing further 
towards the pole which would reduce the phase margin. Using the classical approach, 
this would spell trouble and would, therefore, be avoided. The real problem is in 
predicting the behavior of the loop when it is third order or above. It also 
presents an easy solution to knownproblems such as can be achieved with second 


order circuits. 


To complete the design the Wo =4/K was located at 1.23 x 10°, therefore, 
K = 1.513 x 10'° for the first solution, Fig. 11.34B, then when we modify it for 


aie X = 16, we get the new value of K from Fig. 11.39, 
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that is a lot of logic, therefore, we-could do an intermediate step that 
addresses only on time, early, and late with a gate for data or clocks. Data 


becomes B and clocks B é. therefore, the enable is BctF ee C BF 


On time is=ABCO+ABCD+ABCD+ABCD+ABCBD+ABCD_ EQ 12.34 
Farly=ABCD+ABCD+ABCD EQ 12.35 


BCD+ABCD | 7 EQ 12.36 


ri 


Late=ABCD+ 


Late 
Early 


On Time TABLE 12.11 


This is still a lot of decode. We could assign a two level state to each 


such as 1 = late, 2 = early, and 3 = on time. 


2° = late + on time 


early + on time 
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We might profitably study Five level Precompensation. As can be imagined, = 
the decode is a little more difficult. We will base the decode on two levels 

of aaety and late. A 0110 pattern gives the greatest peak shift U, £2 and a 

01110 lessor L, E. We will again follow the shift-data-clock-shift seauence. 

TABLE 12.12 


early Past Now Future 
: CLOCK 
A .C OD E 
Ty | 


o> <> Ds > De De > es > EP | 


eS 


0 
0 
0 
0 
0 
0 
0 
0 
0 
52 
0 
0 
0 
0 
0 
0 


The number conversion idea will help reduce the logic, therefore, we will make 


a new table , 12.13. 
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The Veich Diagrams are as follows: 


\ 
2° = 
2! = P 
2* = 
The boolian reduction of these are given below 
2° = E(BC + BD) + E(D + BC) = BC + EBD + ED : EQ 12.44 
2' = E(CD + BC + AC + CD) + E(CD + AC + ABD + BCD) 
= ECB + EBc + Ac + cD + EABD + EBCD pe Net) 
2° = E(BH + cD) + E(BCD + BCD + BCD) — 
= EBD + Eco + EBCD + EBCD + EBCB one 
Enable =FC + BDIF EQ 12.47 
These three inputs can be fed into a multiplexer together with the appropriate 
delayed 2F clock pulses as shown in Fig. 12.22. \ 
Sf 
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Timing considerations may require the four input sates to be cloc 
register before application to the multiplexer. As the enable co 
unique or in other words require separate clock and date pulses, 
must be considered and is shown included. 

We will next discuss the implementation of one of the group 
there are several ways of doing this, we will discuss the full 1c 
as it is the most complex. The other approaches use memory look: 
micro processors. These will be left ta the designers as they a 
to implement. We will choose a 2/3 (1,7) code as one example. 
this code requires two input data bits to be encoded into three 


conditions are satisfied by developing a table of assigned value 


TABLE 12.13 


Now we can easily see that if we had a sequence 0010 we would 


which violates the requirement of one zero between transition: 
therefore, we must make a new table that assigns an alternate 
be substituted where necessary. This alternate symbol can be 
if the next two bits require it. When making the table, the 

of the bits and the code must be kept in mind as the followir 


requires correct sequencing. 
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A more complete discussion of the phase locked loop can be found in the Bell System 


Journel, vol 41, March 1962, pp 559-633. 


As we look at the basic system block diagram, Fig. 5.1, we see two phase 
locked loops. One called the "VFO" and the second the "PLO." These are just names 
that have come into use to designate the function and are not really discriptive. 
The "VFO" meaning variable frequency oscillator is intended to designate the phase 
locked loop used to clock the mead data from the recording channel into the host 
system. The "PLO," phase locked oscillator, is designated as the phase locked loop 
used for general timing and is locked to the servo data recorded on the servo disc. 
Since both these data, readwrite and servo, contain harmonic information, meaning 
the data contains missing bits, both circuits require the use of harmonic shake 
detectors. The only time the non-harmonic type are used is if there is required 
some other frequency multiplication that cannot be handled with the original two 
loops that use the output of either the "VFO" or "PLO" as its input. The "PLO" 
and "VFO" loop bandwidths are necessarily different. The read data handling "VFO" 


having the wider bandwidth of the two. 


We now need to discuss circuits that utilize the "VFO" as the clocking oscillator. 
These circuits must asSigna read pulse into its proper valued time slot and block 
any extra pulse that the code may generate that are for self clocking purposes 
only. There are two kinds. The first are forcodes with encoded clocks, and the 


second is for codes that assign each transition a value. 


Declocking circuits with RZto NRZ convertors (Data Separators). All the FM 
codes insert clock bits into the data stream to make the data self clocking 


meaning that a data clock can be easily regeneratea from the mixed data itself. 
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as six cells, if not, then only two bits are taken and the three cells written. 
Since the implementation will be done with shift registers, it might be 
profitable to rewrite the table in shift register form. This is given in Table 


12.15. 


TABLE 12.15 £ (1,7) Code in Shift Reg. Form 


BINARY OCTAL 


INPUT DATA WRITTEN CODE INPUT DATA WRITTEN CODE 


00 00 4 
1 0 00 0 4 
0 1 00 0 4 
11 00 0 2 
00 10 2 2 
1 0 10 2 2 
01 1 0 2 2 
1] 1 0 2 2 
00 0] 
1 0 01 
01 01 
i 01 
00 1] 
1 0 1] 
01 11 
11 11 
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In Fig. 11.42A we show a typical sequence. At "A" a data bit can be gated out 
to the following registers while the clock bit B is blocked from transmission. 
This is simple enough except as we consider that noise and pulse interference 

1 the analog data shift the. pulses from their desired central position. Now 
these pulses have beendeliberately mcved to have the leading edge of the pulse. 
centered in the positive "window" by the use of a delay line. This is necessary 
due to the P.L.L. locking the leading edge of data to the leading edge of the 
oscillator output (in phase). ‘The problem is. when these pulses are shifted 
due to interference, such that the leading edge is within the window but the 
trailing edge overlaps into the "clock" window. When this happens, the pulse is 
split and it is possible that it is split such that the output is insufficiently 
wide to set the following shift register. This is shown in Fig. 11.43. Further 
if it is wide enough, the propogation time thru the the first stage may be such 
that the set up time of the second stage may be insufficient for shifting 
correctly. These problems may be solved by adding a circuit calied a "window 
extender." The principle is to prevent the fall of the clock until the data 
pulse has cleared the "window." A circuit for doing this is shown in Fig. 11.44. 
The circuit works by blocking the change of the FF "L" as long as the data, now 
inverted by K, is present on both nand gates A and B. When the data goes away, 
the appropriate nand is conditioned thus setting or resetting the R.S.F.F., C-D. 
Because the positive "window" has to pass thru both A and C before it is gated 
by G, the inverted data fect K is reinverted by E and further delayed by F such 
that the total delay is equal in both paths. The pulse from G sets the front 
stage of the shift register H. The clock for H becomes the actual clock meaning 
that the register is shifted just before the data is accepted thru the window for 
each cycle. This permits all propogation delays to be over and settled before 


shifting. It does not matter to the circuit if a clock pulse blocks Nands A 
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Cell 1 = AC + AD + AB 


Cell 2 = AB + ACD | 
Cell 3 = ABC + ABD + ABD + ABC _ EQ 12.52 
Cell 4 = BD | 


Cell 5 = Cell 6 = 0 


The conditions for taking four input bits instead of two are given in 


EQ) 123.99% 


Four = ABCD + ABCD + ABCD + ABCD EQ 12.53 


eoue = ABC + ABC EQ 12.54 


This can be fed into a down counter set lines to generate an overflow pulse 
that occurs every 2 or 4 bits (Set 1 or Set 3). The overflow pulse can 

load a six bit shift register for the output cell information. The NRZ to 

RZ encoder is added at the output of the 6 bit shift register followed by 

the write current reversal FF. The entire implementation is shown in Fig. 
12.23. The Read Decoder is implemented following the NRZ output of the Read 
Detector. If we refer to Table 12.15, we can write the equations for decoding 


the data. We will write it in Octal to save space. 


A=1]1+5 + 1.0 EQ 12.55 
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B= 2+ 5+ 1.0 with (0.2 suppression) EQ 12.56 ma 
C=0.4+0.2+2+1+1.0 + 0.5 | EC 12.57 
D=4+0.2+2+1+5+0.5 | EQ 12.58 


but since C and D are replaced in all except the double combinations, then 


we are free to ignor them or._as redundant bits to reduce the logic. 


oO 
il 


0.4+0.2+1.0+0.5 EQ 12.59 


© 
uN 


0.2 + 0.5 EQ 12.60 


Again, the 2 or 4 bit grouping is controlled by C or D which can activate the 


"B" bit of a down counter as before as we can keep track of the output decode. 
See Fig. 12.24. The decode itself is easily implemented by using two 3 line 
decoders as in Fig. 12.25. 

The preceding logic implementation shows one way of generating the 
encoding or decoding logic. The method is straight forward and should be 
applicable for the run length limited codes regardless of the number of 
substitutions or conditions. In this code we had 2 levels meaning we had our 
information in either two or four bit byte. Therefore, 7 was either £ or e 
As a contrast: the 5 (2,7) code presently used in the IBM 3370 is a three 
level code meaning ~ = r a or 2 

The next consideration is the format or the preamble to the data. Notice 


that the decode on Read Back depends on the phase of the clocking circuits. 


it is imperitive that only one of the 3 phases be used. This can be controlled \ 
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by recording say all zero's meaning the transition will be 001001001 as a 
time sequence for VFO sync. then we can follow up with a double shaeneten 
such as 001000, which is line 3 of Table 12.15. When this pattern is recognized, 
the count of the UP/DN counter can be set to five, thus, starting the decode 
in the correct phase. 
ERROR CORRECTING CODES 

Ever Since the IBM 3330, Disc Drive error correcting codes have been used 
to detect errors and correct certain kinds of errors. These have become 
necessary due to the media coating thickness reductions which allow pinholes 
or small oxide conglomerates which cause missing or extra bits to disturb the 
data. These codes usually are designed to detect error spreads greater than 
the correctable spreads. For example, a code may be designed to correct 5 
bits in length, but only detect 6 or greater. As might be expected, the ability 
of the code to detect certain sequences of errors is limited, thus, it is 
possible that certain sequences may be undetected. These are predictable 
and a probability is assigned to this occurrance. It is not the intention 
here to develop these codes or go into the math behind them. There is | 
considerable literature on this subject and the reader is refered to those 
listed to start. The Fire, Hamming, Goppa, and Read Solomon codes have been 
used for some time. These only correct single burst errors or errors occurring 
over a short span. There are other codes that can correct multi-burst errors 
meaning that groups of errors can occur in a single record separated by a 
considerable number of bits. These are the interleaved BCH and RS codes. The 
reader is refered to an invited paper presefted by Dr. E.R. Berlekamp 


published in the IEEE Proceedings, Vol 68, May 1980, p. 564-593. 
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CODES 


Ever since the first binary recording devices were invented, there have 
been codes developed to represent the data. The first codes were simply a 
train of pulses. The early magnetic storage devices recorded these pulses 
using linear recording, then later with saturation recording of each pulse. 
As cata density increased on subsequent machines, it was realized that there 
was no need to return the surface magnetization to zero nor was it necessary 
to erase the old information before making a new record. This permitted the 


non return to zero, NRZ, codes compared to the earlier RZ or Retrun to zero. 
NR2 Codes had long Shsces oelCeen ClansiCiews gue Ce SCTIANgS OF CMES DEegtnasmy wilh &@ Claati Cran 
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-2~g@- - ~ 
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This was alternatly inverted for each one bit for 
our industry and became known as NRZI. 

All of the data for drum memories, tape, and disc files used NRZI codes 
for many years. The data was assigned its position value by using cisck tracks 
recorded on the tape or disc as a separate channel. When the tape skew or 
disc-head arm circumferential vibration increased such that it was no longer 


possible to correctly clock the data, it became necessary to clock witn self 


clocking codes. In Fig. 12.1 we illustrate the RZ code (+epdaememe 
: ws). In Fig. 12.2 we show NRZI 


for the same data pattern. Also included is a typical read linear waveform. 
A variation of the NRZI is the inclusion of a nin€s bit for byte identity 
which was subsequently used in the 2305 drum file to make the code "self 
clocking." This is Shown in Fig. 12.3. 

The self clocking codes were essentially Frequency Modulation codes. 
More correctly Pulse Position Modulation that used only two positions. The 
four codes were subdivided into several types. The first, F.M., consisted 
of always writing a clock transition at the bit cell boundary then if the data 
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RECORDING CHANNEL TESTING 


Following the design and implementation of a particular recording channel 
and head combination, the designer must prove his design can meet the machine 
specifications for error performance. Typically, a channel has been specified 
as contributing one error in y x 10* bits transferred. Meaning that over a 
period of time the total number of bits in error divided by the total number 
of bits transferred during the Read mode becomes a measure of the channels 
performance. This may be designated for all heads and tracks (for disc files), 
using a random number generator for the head and track addresses, or it may 
just be the total sequential file. Usually the random access method is used 
as it affords the greatest sensitivity of the test, including both inner and 
outer tracks for all heads. In the past this number was obtained using brute 
force methods; in other words, actually transferring, say an order of magni- 
tude greater number of bits and counting the errors. Games have been played 
by testers wherein they automatically add two bits of error to the total 


saying that statistically an error could have been made just before the test 


started and another just after the test finished. Also, only soft errors 


are counted. The hard errors are ignored. The definition of soft and hard 
errors is the subject of some controversy. Usually soft errors are designated 
as those errors which do not repeat at the same physical location either 
following a single write or allowing multiple write updates. The one used . 
mist be specified. Hard errors are the repeaters. These can be attributed to 
disc or media defects at a location designated by head number, track number, 


and bit count. The two types of errors are specified separately. 
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requires it a transition at the cell center for a one bit. Thus, there were 
twice as many transitions for an all one pattern as there were for NRZI, but 
it was self clocking. Because of this density increase, the early machine 
that used this code operated in Region 3 of the B.P.I. curve. Fig. 12.4 shows 
a typical pattern. In Fig. 12.5, we show the PM or Phase Modulation code. It 
also required the same density as FM, but it differed in that they recorded 
the zero bits as well. The direction of the read back, pulse was always of 

the same polarity for a one bit and the opposite for a zero bit. In the 

event two bits of the same value followed together, the code required that a 
middie transition be recorded to return the flux phase such that the second 
bit could be recorded in its proper direction. It is easily seen that now 

we have clock bits added that can have either polarity. These extra 
transitions occur at the cell boundary and therefore, require the same clock 
decoding as FM codes and hence, the same recording density increase. It was 
then determined that there were other self clocking codes that could be 
developed that only required the standard one for one density. The first of 
these were the Modified FM codes. These were first invented by Mr. W. Pouliart 
et al in 1954 and subsequently reinvented in a slightly different form by 

Mr. A. Miller, Mr. W. Woo, and again by Mr. Jacoby. 

The susie code is shown in Fig. 12.6 wherein a set of rules were 
established for writing. The first rule was: All data bit ones are recorded. 
The second was that a clock transition will be written at the cell boundary 
only if there was a data zero in the preceding and following data cell. 

This latter requirement is mixed up in some subsequent literature. A 
variation of the MFM code is the M?FM and there are several of them. One has 
the following set of rules. Write all data ones. Second--write a clock 


transition at the cell boundary only if there are two cells containing zeros 
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The curve has been designated as a Marginalized Variable Frequency Oscillator 
(MVFO) curve. This is an unfortunate choice, as the name really describes a 
totally different device; both devices will be discussed in this chapter. 

For want of a better name, we will designate the curve in question as a 


Quantified Phase Error Curve (QPEC). Basically, the curve is generated by 


ad 


plotting the total number of bits hose phase shift exceeds a set value, 

usually expressed in seconds, for a series of, values. The reference phase 

is obtained from a phase locked loop with a low bandwidth. The logic output 

of the phase detector is compared to a chosen time delay. iiniy biel chase 

shift, either up shift or down shift, that exceeds the chosen time delay, is 
counted on a counter for a given number of deaneheeiel cess, ar short settings, | 
a single revolution or a single record is used. For long settings, hundreds or 
thousands of revolutions of the disc are used, depending on the accuracy and 
sensitivity of the test. Fig. 13.1 illustrates a typical setup. The capacity 
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of the counter is a factor in the choice of total transferred t#€s for any 


given setting. 
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Alis never while lwo lec KS aly de nl Co cach cther, 
on either side, see Fig. 12.7.4 There is a benefit to this that is not as 


obvious. Back with the FM code it can be seen that for a data stream containing 
ones and zeros when encoded, the 'one' bits are always bounded by clock bits 

and will, therefore, have some symmetrical interference which results in small 
peak. position shift. The clock transitions on the other hand have no such 
symmetry and will therefore exhibit severe bit shift especialy in Region 3. - 
This fact was taken advantage of in early machines by using an saevametiees 
window, 40% for the data ones, which are shifted least, and 60% for clocks, 


which are shifted most, Fig. 12.8. Now with M@ 


FM, a similar condition occurs. 
The data, which is always written, has the highest density, therefore, will be 
shifted most. The clock transitions, however, are always spaced a mimimum of 
two cell times away from its neigh bor, therefore, suffers the teast shift. 
Therefore, a window of 60% or thereabouts, Fig. 12.9, is assigned to the data 
ones and a 40% window assigned to the clock. This is a real advantage and 
Similar codes are presently used in the floppy disc market. 

The next codes are the group codes or substitution codes so named 
because a group of input is encoded into a differing group for recording. 
During Read, the process is reversed. There is a huge variety of these codes. 
The first assembly of order into the growing literature on these codes came 
with an article by A. Patel in the IBM Journal, July 1975, page 366, and 
quoted in Computer Design, August 1976, page 85. Here Mr. Patel introduced 
a symbology that can be used to describe all codes, although not uniquely. 

The input data may be introduced as either one bit at a time or may, depending 
on the code, be in groups. The number of input bits in the group is m, and 
may range from one to m bits. The second part is the number of cells in 

which the number of input bits may be assigned values. This number is 


designated as n, and may range from one to n. These two numbers are expressed 
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PULSE INTERFERENCE OR BIT SHIFT. This is the repetitive doublet pattern where 
two transitions follow at the minimum spacing with at least one zero between 
the doublets. Usually a single zero or non-transition suffices, depending on 
the pulse interaction. When counting the number of bits transferred, one must 
only count the transitions and relate those through the code used. For 
example, the MFM code is designated as (1,3). The maximum doublet saetera 
would give transitions for every 3 bits transferred: 0110110. The actual 
cell content on the disc would be cOclclc 0c, or 2 transitions for 6 cells. 
Since there are 2 cells per bit transferred, the 6 is divided by 2 to give the 
3 for 2/3 track capacity; or for 10° bits track capacity, we will have 

6.66 x 10° transitions recorded. For a different code, such as the 2/3 (1,7) 
code, we take two data bits and occupy 3 cells. There must be one vacant 

cell between transitions, therefore, to get the minimum doublet patterns we 
must have four data bits transferred per two transitions: 101000 101 000 


° bits of data, there 


for 35 track capacity. For example, if the track held 10 
would only be 5 x 10° transitions recorded. If we look at Fig. 13.3 again we 
see that the line for the single frequency is a single slope, whereas in the 
doublet case it is forced over but the slope is the same. What we see here 

is. the predicted bit shift of the doublet. The corner of the curve is located 
at the superposition caused bit shift value. The slope is a direct function of 
the channel signal to noise ratio, meaning the head, Siectronies: and disc 
noise plus signal to the head, electronics, and disc noise. Notice that such a 
plot is totally representative of the entire recording channel and, hence, 
becomes a measure of the error performance of that head disc combination. The 
intersection of the curve at the time value equal to the one half of the cell 
window width, Ws» gives the error performance. In the figure, that is 19° 1° 


for the maximum doublet, or worse case pattern. In order to save time, 
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zero with no more than three cells in a row left zero. The version of M?EM 


described earlier can be written 
m an 
wn (dok) = = (1,7) EQ 12.7 


The = and d are the same as in EQ 12.6, but the k=7 comes from the sequence 
1c0c0¢0c]: 

There are several advantages for using codes. Some, as was Mr. A. Patel's, 
designed to minimize the dc content of the code in order to write thru a 
transformer of a rotating head system. Others are designed to maximize the 
amount of data stored for a giventransition density or to ensure readability 
such as self clocking codes. 

Another distinct difference in codes may be the rule by which they were 
written although observing the recorded waveform it would be impossible to 
tell them apart. For example, the FM code can be designaved as the following. 

Write all input ones at the cell boundary and write all clocks mid cell. 
The second may be written. Write all input ones at the cell center and | 
write all clocks at the cell boundary. Unless the observer knew the phase of 
the writing circuits, he could not tell them apart, yet they are distinct and 
different. 

For MFM there are eight separate encoding rules that produce the same 
recorded result. It is interesting to note that three of them have been 
patented and a fourth cannot as it is now in the public domain. They are: 

1) Write all one bits at the cell center, write a clock bit at the leading 
boundary of the cell if preceded and! followed by a zero. 2) Write all one 
bits at the cell center, suppress all clock bits at the leading boundary 

of a cel] except those preceded and followed by a zero. 3) Write all one 
bits at the leading boundary of a cell, write a clock bit at the cell center 


if preceded and followed by a zero. 4) Write all one bits at the leading 
[35 
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Fig. 13.4 “Acceptable Amplitude and Resolution Combinations 


It is desirable to have the recording channel cost effective. The 
design then becomes a compromise between bit shift or resolution controlling 
parameters and total S/N ratios. Obviously bit shift is controlled by head 
and disc parameters and S/N is controlled by head-electronics and disc parame- 


ters. Therefore a successful and cost effective design hinges on balancing 


the cost increases necessary to reduce bit shift and those necessary to 
reduce noise. Since heads and discs are in both camps, then it is probable 
that equal window spacing be given to bit shift and noise. If the design 
is based on one third bit shift, one third noise, and one third allowed for 
manufacturing variables and degradation during machine life, then a satis- 


factory arrangement has been reached. See Fig. 13.5 
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We should introduce a third measure for a code. This is the Density Ratio 


Dr where 
. Data Density _ i Tmin_m 
as Maxtransition Density I n (d+ 1) EQ 12.9 


For the codes we have introduced, we can tabulate the various parameters for 


comparison. (see table 12.2) 


Now one of the purposes of using codes is to increase the information content 
for the same number of transitions. As can be seen in Table 12.2, Dr, the 
density ratio is one or less for the first five codes listed. Mr. G. Jacoby 
published a code in 1977 that allows an increase of 50% or a Dr of 1.5. He 
called it 3PM. It limited the minimum number of zeros to two in order to 
reduce the transition density. With this code, he substituted a 6 cell "word" 
for a three bit data input. Keeping the restriction of, maxinum’ number of 
zero, created a number of inconsistencies that occur as data are preceded or 
followed by certain patterns that would violate the rule of a two zero maxewum, 


These he solved with alternate patterns. The listing is given in Table 12.3 
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DATA 
Win Dow 


or MFM codes the clocking window is a squarewave. One half for data and the 
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channel. This is done by altering a circuit or circuits that are not normally 
part of the machine, but are a later part of the recording channel or it may 
be accomplished by altering a part of the machine that can be independently 
tested. Candidates for these are primarily the clocking circuit and, second- 
arily, the detector. The clocking circuit is best altered by only changing 
the width of the window used for gating transitions. For example, for FM. PM, 
other half for redundant clocks. By using a delay line and an ‘and' gate 
(Fig. 13.8), 7 cen renme 
2 fr pny 


‘ H 
MARGINALIZED — 


; DATA winyous | 
: et ue ee | secen eee eed 


| 
WEW DATA 
CENTERING 


Figure 13.8 | Fig. 13.8b 

and then realigning the window to center it to an on time transition, the,win- 
dow can be marginalized. Hence, when operating, transitions with less than a 
given amount of + shift are passed and those exceeding that value are lost and 
cause an error. The error checking is done on the record itself. This is the 
source of the name Marginalized VFO as MVFO. The reader can now see the dif- 
ference between the two circuits and functions hence our renaming the QPEC 
curve, | The two functions are different. The QPEC circuit 
counts all Panetsons- that have phase shifts greater than many settings to gen- 


erate a curve while the MVFO circuit blocks all transitions with phase shifts \ 
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= which allows an increase of one-third in density, Dr = 1.3333. Again it is a 


= substitution code with change depending on adjacent word interference that 


would alter the minimum ren length. The changes are implemented by accepting | 


four input bits at a time instead of the usual two bits and encoding them 
uniquely 


TABLE 12.4 


DATA — | 

= [om | 

00 00 001 XXX 

00 01 001 XXX 

00 10 001 000 double group 

00 i 010 000 double group 

01 7 OG Q10 XXX 

01 01 010 XXX 

01 10 010 XXX 

—601 1] 010 XXX 

10 00 100 XXX 

10 01 100 XXX 

10 10 100 XXX 

10 1] 100 XXX 

1] 00 i 101 XXX 

1] 01 101 XXX 

1] 10 000 100 double group 

11 11 101 000 double group 
2/3 (1,7) code (X = don't care) 
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also m<é log, {cw(n,d) EQ 12.13 


for conventional Block codes. When merging is allowed, as with the 3PM codes, the 


following is given for cases where d > 2 


] Aes)! 
Cw' (n,d) = : +t ore ay1 EQ 12.14 | 
jz 


0 

where R' < i 
PRECOMPENSATION 

We first introduced this subject block in Chapter 5. Basicly it consists 7 
of deliberatly writing a transition such that the resultant movement of the 
peak due to superposition or pulse interference will move the peak back to its 
‘on time position. Thus, if pulse interference makes a pulse peak late that 
transition is deliberatly written early such that the resultant peak shift 
pfiaces the peak at its true unshifted position. It has been shown that the 
worst peak shift occurs for two adjacent transitions with no transitions on 
either side. If we wrote two transitions T seconds apart and we measured the 
time between the two resultant peaks as 1:2 T, then the peak shift of each 
transition is 0-1T. In order to correctly write the two transitions, the first 
has to be written late by greater than 0-1T and the second has to be written 
early by greater than 0-1T. This is because when the early and late transitions 
are written at .8333T, the pulses are closer together and their pulse interference 
produces a peak timing of greater than T. The process is an itterative one and 
is best calculated using about 10% greater shift than predicted for the plus 
and minus Precompensation, then recalculate the predicted peak seperation. We 
left this subject to this chapter because we now have an understanding of the 
clocking effects of the window allowed and the need to minimize the movement of 
a pulse so as to keen it in its assigned window. Further, the implementation 
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is best incorporated in the encoder circuitry . See Fig. 12.10 and 12.11. 
Sometimes a particular code cannot be optimized for peak shift with only a 
single value of plus and minus Precompensation. Certain patterns may produce 
a lessor amount of peak shift that would be overcompensated if the single 
value were used. It is cheverore necessary to install a multi level Pre- 
compensation depending on the signal degradation and the degree of window 
margin allowed. This is calculated the same way as before using the new peak 


se paration values. 


CIRCUITS 
We might profitably consider a few encoding circuits recognizing that the 


decode is just the opposite. 


NRZI 


The NRZI encoders are trivial being only single ‘and' gate as shown in 


Fig. 12.12. Driving the reguired FF to produce the current reversals for each 
bit, hence the need to ‘and’ the write clock to produce RZ code first. The 
pare is shown in Fig. 11.45B of the previous chapter. 

FREQUENCY MODULATION 

To encode NRZ data into FM for writing requires the use of a phase switch 

as well as the write clock to produce the write current reversals. The rule is, 
write all clocks, C and write all_15.. The decoder is the same as Fig. 11.44. 
To add Precompensation requires a memory shift register in order to look ahead 
and behind the data being written. We can write a truth table to indicate the 
shift direction, but as the previous transition and the following transition 
will always be a clock bit; the data will be bounded and will not shift. The 


clocks, however, will shift, therefore, our table is simple. 


(S/d 
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RMS NOISE = 3;  #£Probability of Occurance 


0 1 
1 =: 1/0.32 
2 = -:1/21.74 
3 -1/370.4 : 
4  —-1/15625 | 
BI ae eee 
6 1/500 000 000 ieee 
6.36 1/10 900 000 000 | 
7 1/400 000 000 000 
8 1/80 000 000 000 000 
Table 13.1 
For 19079 probability of occurance, the noise pulse amplitude ‘¢s \ 
6.36 .X RMS Noise, | EQ 13.2 


The method of measuring the signal to noise ratio is important. The 


are 
measurements,taken after the differentiator in order to relate it directly 


”\ 
to the differentiated pulse for peak shift measurement purposes. — 
dS _ dVsig RMS 
aT = . EQ 13.3 
d Vn RM 
dt 


where d V_sig RMS is the RMS value of a differentiated signal resulting from 
dt 


evenly spaced transitions at the minimum spacing allowed by the code. In 


disc drives this also means at the inside track. d Vn RMS is the RMS value 
dt 
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TABLE 12.6 


Late Clock on Time 


Clock Early 


Clock Late 


Clock on Time 


Clock on time = A-B + A-B 
Clock Early =A-B EQ 12.15 
Clock Late = A.B 


This is implemented in Fig. 12.14. Note that the and gates must have the same 
propogation delay or unwanted shift will alter the data timing. The data 
bit A is written first on time followed by the clock bit, then the register shifts 


and repeats. 


PHASE MODULATION é 


Implementing straight Phase Modulation requires truth tables in order to 
anticipate the phase reversals required for the clock bit which can have either 
polarity. This can be implemented with a J.K.-F.F. Refer to Fig. 12.15 and 


table 12.7. The sequence is shift-data-clock-shift. 


ek es q G2 | = 
J = Q496 lF + Q,9, lF + Q,9. 1F i oe EQ 12.16 


R= QQ, TF + QQ, TF + O10, IF gg EQ 12.17 
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= TABLE 12.8 


PAST NOW CLOCK FUTURE 


A B v C IF 
0 0 + 0 0 + Cot, J 
0 0 0 1 Zot K 
0 0 7 ! 0 no change 
0 0 ] ] Z early K ; 
0 1 3 0 0 no change 
0 1 0 1 Dot J 
0 1 - ] 0 Cot K 
0 ] 1 1 D late J 
1 0 + 0 0 +Cot J 
1 0 Q 1 Zlate kK. . 
] 0 4 ] 0 no change 
] 0 1 ] Z ot K 
] ] ‘ 0 0 no change 
1 1 0 1 D early J 
] ] - ] 0 -~C ot K 
1 ! 1 1 Dot J 
J=ABCIF+ABCIF+ABC IF + 
_— m EQ 12.18 
+ABCIF+ABCIF+ABC IF 
K=ABCIF+ABCIF+ABCIF+ 
Bike ss = EQ 12.19 
+ABCIF+ABC 


1F +ABC IF 


(3/5 
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a 0.7. =ABCIF+ABCIF+ABCIF+ 
+ABCIF+ABCIF+ABCIF+ — EQ 12.20 
+ABCIF+ABC IF 
PeaB CFs Ae CIF EQ 12.21 
L=ABCIF+ABC IF EQ 12.22 


The decode of these Veich diagrams is as follows 


J=B-lF+BCIF - | | EQ 12.23 
K = B-1F + BC IF EQ 12.24 
On Time=BCIF+ACIF+ACIF+BCIF EC 12.25 
Early =ABCIF+ABC IF EQ 12.26 


Late=ABCIF+ABCIF EQ 12.27 


The implementation is shown in Fig. 12.19. Great care should be used to 


control the logic delays in the clock paths to prevent timing problems. 


(>-46 


MACHINE 


350 
1405 
1301 
1311 
1302 

230-1/2 
2311 
2305 
2314 
2319 
3330 

3330-11 
3340 

Sys 32 
3344 
3350 
3370 


3375 
3380 


DATE 
ANNOUNCED 


' 


1956 


1961 


1963 


4/65 


6/70 
7/17/73 
3/74 


1979 


1980 
1980 


IBM FCS 


1957 
1959 
1961 
1962 


1964 


1966 


ng 2. ee a ee A 


1969 
1971 
3/74 
| 11/73 (125) 
3/74 
4/76 
4/76 
1/80 


10/81 


TPI 


20 
40 
50 
50 
100 


100 


100 


192 


370 


300 


300 


480 
635 


BPI 


100 
200 
900 
1000 
1100 


2200/1100 


#400/2200 
4400/2200 


4040 
4040 
5630 
5635 


6250 
11900 


PI (7930) 


AREA 


DENSITY 


2000 
8000 
25000 
50000 
110000 


110000 
220000 
775680 
1494800 
1690500 


1690500 


3000000 
7556500 


>—lC lc tSlUlUMLDSlUlUlCU LDCS 


IR 


. 468" 


.69 


OR 


6.506 


6.50 
6.50 
6.38 


6.44 — 


6.60 


5.863 


RPM 


1200 
1200 
1800 


1500 


1800 


2400 — 


2400 
2400 
3600 
3600 
2964 
2964 


3600 


2964 


2964 
3600 


LATENCY 


25 


33 
20 
33 
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8. 


MS 


MS 


MS 


MS 


5 MS 


.5 MS 
.5 MS 
4 MS 
4 MS 
.1 MS 
.1 MS 


~4 MS 
.1 MS 


.1 MS 


4 MS 


~S NN OD OW NW Pp 


DATA 
RATE BITS 


77.6 KB/S 
155 KB/S 
625 KB/S 


‘700 ~—sSOKB/S 


1.25 MB/S 
1.25 MB/S 


.5 MB/S 
.5 MB/S 
.45 MB/S 
45 MB/S 
.08 MB/S 
.08 MB/S 


9.58 MB/S 
14.827 MB/S 


14.827 MB/S 
24.0 MB/S 
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M.F.M. 


With this code we need to know the past and future data, therefore, we 
need a three level truth table. 
TABLE 12.9 
PAST CLOCK FUTURE 
A YB 


wow 
0 , O 0 clock = ABC 
6. 20 1 clock = ABC 
0 0 data =ABC 
0 | data =ABC 
0 0 : 

0 : 

1 1 0 data =ABC 
data =ABC 


A | A 
“CLOCK = DATA = 
ie SEER Lda 


The decode is clocks =A B, data = B. Therefore, we can delete the C FF 

or "future" and deal only with the past and present. The sequence is shift, 
clock, data, shift. The implementation is given in Fig. 12.20. Note that 
the set up and timing paths prevent unequal logic delays from hurting bit 

| timing. To add precompensation, we require a four level truth table (Table 


12.10). We will shift-data-clock-shift. 


{3-17 


AVG. 


ACCESS ' PRE FLYING — ERASE CLOCKING | | - 

MACHINE _ MECH CODE COMP HEIGHT ELEMENT METHOD CYLINDERS COATING GAP LENGTH MRX FCS _Tksp TW 

350 | Elec servd NRZ1 ! 0 1 Yes Clock Track ---- 1.2 1000 

1405 | | NRZ1], 0 | 500 | - Yes .8 

1301 | buat Hydra) nRzZ1 | 0 250 Yes | Clock Track! 500 

1311 | Hydraulic | NRZ1| 0 125 Yes 200 

1302 | Dual Hydra, NRZ1} 0 125 Yes | Clock Track 200 

230-1/2} Fixed | wezi| o 

2311 | Hydraulic | FM f 0 125 Yes | Hard Sep | 200 200 200(M) 9/69 

2305 | nrzi| 0 | 

2314 | Hydraulic | FM |} 0 80 Yes | VFO : 300 —-| 100 100(F) 12/69 | 10 Mill 7.0 Min] 
2319 | Hydraulic FM {| 0 Yes VFO | 200 | 10 Mil] = 7.0 Mill 
3330 | Ser VC Lin} MFM | 7 50 No VFO 404 50 50(F) 5.2 4,3 

3330-11] Ser VC Lin] MFM 7 35 No VFO | 808 50 50(F) 2.7 2.0 
3340 | Cou vc Lint MFM | 0 22 No | VFO 348/696 | 35 50(F) 3.34 2.6 
Sys 32| VC Rot Lin} MFM | 0 22 No VFO 50(F) 3.34 2.6 
3344 VFO 50(F) | 2.08 1.45 
3350 | Voice Coil] MFM | 5 | 20 No VFO 555 35  50(F) 4/77 2.08 1.45 
Lin Motor | " 

3370 | L.V.C. (2,7) | 0 15 No VFO 746 + 746 25(TF) 1.57 1.33 
3375 | L.v.c. —-{45(2,7) | 0 No VFO | (TF) 

3380 | L.V.C. —-145(2,7) | 0 No VFO fe (TF) 

| ) pg. 3 
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—_ TABLE 12.10 


PAST NOW CLOCK FUTURE 
A B { D 


C 
FuTuUReE 


0 , 0 . OO ; 0 ' Q | clock OT 
Oo , 0 , OQ 1 ] clock early 
OG 4. 0 1 0 2 - 
0 0 1 1 3 - : 
0 1 0 0 4 | data OT _ 
0 1 0 5 | data OT 
0 ] ] 0 6 data late 
0 ] ] ] 7 data late 
] 0 te 0 : 0) 8 clock late 
] 0 e« O 1 9 clock OT 
1 0 1 0 10 - 
1 0 1 1 1] 
| ] ] 0 : 0 12 data early 
; ] ] 0 ] 13 data early 
] ] ] 0 14 data OT 
1 1 1 1 15 | data OT 
clock OT= ABCD+ABCD=049 EQ 12.28 
clock early = A B C D= 1 EQ 12.29 - 
clock late =A B C D = 8 EQ 12.30 
data OT=ABCD+ABCD+ABCD+ABCD = 445414415 EC 12.31 
-_ data early =ABCD+ABCD = 12 +13 EQ 12.32 
data late=ABCD+ABCD=6+7 EQ 12.33 
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2' = AB + CD + AC 


which is much easier. 
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BC + AB + ABC + ACD EQ 12.37 


EQ 12.38 


This can be implemented with a four line multiplexer. 
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TABLE 12.13 
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7 = ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + 


ABCDE + ABCDE + ABCDE 


ABCDE + ABCDE = 110 


Oo 
i" 


3 = ABCDE + ABCDE + ABCDE 


2 = ABCDE + ABCDE + ABCDE 


1 = ABCDE + ABCDE + ABCDE 


- 


+ 


EQ 12.38 


ABCDE + ABCDE = 111 

EQ 12.39 
011 EQ 12.40 
ABCBE = 010 EQ 12.41 
001 EQ 12.42 


Now we can write the equations for the bits as a function of powers of 2. 


NM 
ou ot of 


EQ 12.43 
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TABLE 12.14 
INPUT DATA | aad TRANSITIONS WRITTEN 
time time time —» 
NEXT | 0 NEXT ‘SUBSTITUTIONS hoo 


001 
001 
001000 001000 
010000 010000 
010 
010 
010 


010 


100 
100 
100 
100 


101] 
101 
000100 


000100 
101000 


101000 


Now if we examin the substituted code, we see that the widest spacing between 

transitions is for the data sequence 0011,1110 which is written as 010000000100 
which gives 7 zeros in a row maximum, hence, 7 in the code description 2/3 (1,7). 
When the code is implemented, the upcomming data is examined to see if a 


substitution is required. If so, thenall four input bits are taken and written 


t3.25 


Dipase 


ALLEL LLANELLI, LORDS COL ETE ALLEL DELLE ETL LE LEILA LEGS EY (LILLIE LLL ELEN ESE CLISL ELD: TAPED OLE IL PA LTEL REDE EIE, SELENE IOI LE LEONE TIE LEA ILLES EON MTT TLIO, CIE GLARE ELLE ATONE ETNIES OTE NTRS ATT IRS CRG T NPAT CLE NIED UNTER SMELT, METI ENE GEES OLSEN tt BR RELIED DEP RHEE DIRT UN GANA, VMSA SIE a EN AIS FORM i RROD DUA Se IES RGN | 
EELORIN ELE E LAS RTE SAMS LAE WR ORE DAES SARE NEALE SEE ALIA RIEU ANE LIAO AE OEE LOND, RENEE! REIL ENCE BIEL TALIS EAL CML OLLIE, LLP LETICIA EEDA, BEL LIE ELGAR LEP REEDS EELS AEE IAA SAIS ADELE TEENIE NE NAA ALN SERB OPER TEL “PSS MLE LOTR LAB NIOARS. AIRED OAERSAN VEL O NERD EMAAR NINA AREA YEAST N EAE TREES | 
RELATES NOCIONI ELE REAL LMEER ACES RTD IAT PON IP LETTE. CTMBESL EERIE TORIC LS NGA OSE NLY SNES TE ERAS REMAIN SESE SRI TE Nat REI U PITY MIN YR MEA ASIEN RARE ODID NS Oa Nari Ant eT R REE: 

ATLASES CLIT OT CRATE SED CETL T SSR LESAN ECTS STEN AEST TERIA: PLIES PETES MELEE TICLES, SEBAGO LTCC IELIE DCN ETS S ELEC EE LEAD PERE ERE ENELE, WERT ELTA TPES CPN SELLER LD EEE LRTI LET IRE TET: CARERS EEE ASS 
SERRE ETERS, RSL TENET ELON 5 ROTTER TIED LATTE ENE EINE LEDS EAT LTTE AD EET SLIP LE NACE LI EL IEDETEIES LET PAE TOIE TSENG EAE ATE SEAT EETR GY CERT S IT ATARI CERN CELLS BAGSTER LALY SIE SILENT ETEREREL, ELLA TEED CRS ET I RTEIES, 
EAA SALINE NANT IAC ATTAINED, AAAS MSO UES TONED CORE ROTATE RSENS NN? ITER ROLT UTE ATER “PCR NATE TERM RTH SP RLATPEA SIN MASP NEUE CEEYIMISESG NODE REED IDNR LETS LS EOE ES 
pe dasdhapnecieminplcecnel seeds eteppeceusncecpspoesepeaseieimnpitnmnans emai aimina-Qocdenieipaeir uae deeshidebeascemabaceaiaasitentcggsamtensasamsceadssceniniandhinisagamnandengannictanscbainucanemanaintaneunmacacadmapmsidinsas aeamminne maize mse rman de acne ceuideise airtel eK re ee tan a ee ce een 
PARTE EON ID) REARS CREOLE BSS EE TEED ET ELOISE LE REESE RONEN EE TEE NEL ONE ECUEEAL SARNENIA RIESE INOS IONTS CHEAT NR TESTE SSI RRND LTS SERIE ELLA IRANEI, URSA EL TED GERD SUERTE ID 


PERCE ERR EA OLE ESS) ALE OE AAR TATED ELIT ATLL, NESE EAE SETTERS 
EATS IT See RATT AT EN SRA R I SALAAM MSP NRE? BOE TERRE TERS TARR RGIN, re 

Ba ae acl SES RARE LEE AEA MAT A DAY RATT IATA LE ORT TET 
SRR TEREST SAE RE SO RE SRE REEE  E I EIN SARS SA SIREN, EAS EM Fe CAE STEAD 8 
SERA EE SE aE: ES SL ERS CR EE NS ee NCE A BRE Ch” Se CY SEM Bes a ES PARE RI OEY 
PSG E SE eS Shee ee A Es RR TE SE EA Ee, p OEE EEE EE EES FEE EE EES RS AES 
BE MERE RES BRE IG CREO Ee, De SEAR BERIT HER RE REE, EG A es Ce ee ee eed RE A TEAR TERE LR RRA RCS Sas 


SEMI-LOGARITHMIC e 3 CYCLES X 70 DIVISIONS 
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ES EES OEE H EE AS SERRE SRE, RO, VNR es UE > AR SERRE, 
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If we look at the Binary written code transition cells,5 and 6 are always 
zero, therefore, we only need to decode transition cells 4, 3, 2, and 1 for 


write purposes. 


Cell 1 = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD EQ 12.48 
Cell 2 = ABcb + ABCD + ABCD + ABCD + ABCD EQ 12.49 
Cell 3 = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD - EQ 12.50 


Cell 4 = ABCD + (ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD +4BcD+ 


+ ABCD + ABCD + ABCD + ABCD) EQ 12.51 


of which the bracketed terms are redundant since that part is written separately 


as transition | of the next pair of input bits. 


from which we can reduce the conditions to the following 
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Note that the (1 - =) term would cause peaking at a much higher frequency than 
the other two terms. Hence, for nemererl peaking, we need to balance the affects 
of the other two terms. For closed loop bandwidth hier 

Gog} = 2 2 Ye, 
-and was solved numerically and shown in Fig. 11.35. Closed loop peaking 


then A | 6) | =-_ 0 vw WF KK 


aw 


wé 


(oye | = Pretaltwween CO WwW = Hon 


The solution is shown in Fig. 11.36, 37, and 38. For various values of x we can 
tabulate the peaking resulting from ignoring the 5? term and applying the above 


derived corrections. These are tabulated in Table 11.1. 


Table i1.] 
Xx Ignoring s° Corrected for S° Improvement 
4 4.5 db 4.44 db -06 db 
10 2.12 db 1.74 db .39 db 
16 1.56 db 1.08 db .78 db 
20 1.37 db .86 db -51 db \ 
25 1.21 db : »/0 db 81 db | 
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As can be seen, the further apart the pole and zero (X + ) the more the amount 
of error decreases which is what we did when we made the W pole 100 times the 
~W zero. The improvement is noted in the right hand column. 

To obtain minimum peaking in the frequency domain, either K should be 
increased or Wz should be lowered from the values that would occur if we 


ignored the cubic. These are listed in Table 11.2 


Table 11.2 


XxX Wz normal W min peaking 
4 | 107 648 
10 ~ 962 425 
16 . 900 340 
20 473 310 
25 447 - 280 


| The results of these tables are plotted in Fig. 11.39. They show the correction | 


as well as the centroid approach values as a function of X and X-W/, 
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With the introduction of error correcting codes, the definition changed 
for the two types of errors. Soft errors are defined as correctable errors, or 
those that are within the error correcting codes capability to correct. Hard 
errors are designated as those that cannot be corrected, or that fall outside 
the codes correction capability. A third category then contains the media ” 
defects which are still not counted in the error performance but may be 
specified for the total machine. For example, a machine may have a speci- 
fication that places a maximum on the number of defects allowed either by 
total machine, by surface, or by track, or some combination. Read errors are 
caused by the failure of the recorded transition, if it exists, to generate 
the correct output bit in the correct sequential time slot of a data stream. 
There are several mechanisms for this, the dominant ones being noise and 
interpulse interference or bit shift. Both of ee were discussed in Chapter 4, 
particularly as shown in Figs. 4.11 a, b, and c. This, of course, is true 
only if the correct channel design has been made, including heads, amplifiers, 


filters, detector type, and the clocking circuit. 


Following work done by Dr. E. Katz and later including Dr. T. Campbell, 
at Memorex, a method was disclosed that greatly reduced the time required to 
characterize a channel's error performance. This method permitted the separa- 
tion of the two dominant error mechaniene for the first time, which permitted 


optimization of the various channel characteristics for best performance. 


Obviously, brute force design and testing costs money, particularly if 
over design is used in one area in order to compensate for poor design in 
another. This is now unnecessary. Using a circuit designed by Mr. M. Monett, 


can be 
a curve ¥ generated that totally describes the error performance of a machine. 
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I 
. aC Car 7 4/ Yk «)(: a (EQ 11.114) 


e { 5 Xo , ; 
. KL = — = 7: 93 0a” (EQ 11.115) 
: (4 aA mesa bbbur ea 2 Fas) | 


79° > fer 
For a reasonable current, we could use an attenuator of say 10:1 so the current 


can be raised to 793 wa for the higher gain. This we should do anyway because when 

we lower the zero and hence the gain, we will require only 7.93 va (from Wz changes 

4K by 4107). We do need to concern ourselves with the bandwidth of the a 

switches at these current levels. The last item is the voltage swing on the capacitor _ 


for the frequency lock range requirements. 


{0 ( AVewe | = (o ( 0-950- O-4s v) =z SW mw EZ Y (EQ 11.116) 


This we cannot do with the ECL interface from the phase detectors, Fig. 11.40A, 
therefore, further voltage translation is required before applying the error pulses. 
to the current switches. We require the modification on both phase locked loops 

as Fig. 11.40A only allows + 0.5 v error range and the first circuit panties + 

1.25 v, EQ 11.68, and the second required+2.5 v, EQ 11.116. Let us address the 
problem of the low current. If we look at the terms for gain, ve see CHE If 
we raise C2 to 10°” farads insteadof 10 °, we can raise the current. We would 

also need to change the value of R. to relocate the zero back to 6.25 x 10° 


radians, and the pole by changing C, accordingly to .0066 uF. 
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_ Notice that the early part of a record is blocked using "Data Valid." This is 
| to ignore the excessive phase errors during lock up time at the beginning of 
the record format. Also the type of phase detector used determines the block 
designated as an "or" following the phase detectors. For simple phase 
detectors, or non-harmoni ¢ "phase detectors Aas shown in Fig. 1 .14A, the 
circuit shown is adequate. Care must be taken in allowing for "D" setup time 
in the output block. For harmonic phase detectors, where the up and down 
errors are turned. on stmultaneously, an "exclusive or" must replace the "or." 


Then the difference between the two is fed to the delay line and "D" flip flop. : 


The operation of the two versions is illustrated in Fig. 13.2a and 13.2b. 


1 | aero eee eee ne es pe a ee 
Oita ee eee = ee eames) Ce (aaa eRe 
AGE! vo ne noe . | 
M Mm DFLAY 4 Ke DELAY 
clock Ses: een | ee ae ate eS Sige fee aaa Paes 
Coun Ts 5 CoumTeR ae 4 
| Fig.13.2a Fig. 13.2b 
Typical Non-Harmonic @ Error Typical Harmonic @ Error 
Discriminator Waveforms Discriminator Waveforms 


A typical plot can be made as a function of the total number of pulses out 


divided by the total number of transitions recorded vs. the delay line setting. 


, BS TERS MELE CUSED 
RIT SHIFT (Pow) 
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16" \ Obviously at the 0, setting, almost 

et \ 
io | Te eas all transitions recorded exceed the 
1? '\ Single 
of ue se soles Sauiee setting. There are several features 
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bits need not be transferred. The slope of the curve can just be 
extended from some lesser value to the 10°! level as the curve in this 


region is a straight line. 


Now we have a tool for measuring the performance of a channel we need 

only find the worst head and the worst media acceptable under the specifi- | 
cations, plot their QPEC curve to obtain the minimum machine performance | 

’ for on track conditions. Similarly, we could do the same for the off track 
conditions at the normal 5 psycometric corners of temperature and humidity : 
and power supply variations to predict the worst machine performance. 
Qbviously, if the results are unsatisfactory, then the specifications need to be 
tightened for some parameter or component until the performance snecdicauion is 
met. This is much simpler than in the past. 


While we are discussing specifications, we need to discuss the head and disc/ 


media .. Of the many head parameters that can be measured several stand out as 
being meaningful. These were all discussed in Chapter 4. Of the electrical 
parameters, amplitudes of the frequency extremes, resolution, and write over 
are the most significant. It is intersting to note that as amplitude increases, 
poor resolution can be accepted for the same error performance. This is 
predicted from the relationships of the QPEC curve. The better amplitude 
results in a better S/N ratio which means a steeper slope, while a poorer 
resolution results in a further shift of the corner to the right. With the 


intercept point fixed at 197 10 


and W/2, then various combinations of amplitude 
and resolution can be accepted. This is taken advantage of in the head speci- 
fication to allow an increase in head electrical test yield, knowing that these - 


combinations will function well. An example of a head specification curve 


relating amplitude and resolution is shown in Fig. 13.4. 
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a 
Ve 
| : - On 
: t)/, >7 = ) = i 

(2662187) ty Oo (EQ 11.117) 
The gain KI becomes 

39S KO” -¥ ) 

= 7:73 Keo (EQ 11.118) 


—— 
ev Faw. +lo Tana vist X27") 


Now if K, were a5 as before, the currents are 7.93ma for the high gain, fast - 
lock up case, and 79.3 ua for the low gain, loo? which is easier to handle. We 

have now gone thru a series of “onpreniésaii order to come up with a viable 

design for a phase locked loop. With each compromize, we pointed out the difficulty 
and a possible solution. The final design is shown in Fig. 11.40 Zand were numbered 


this way in order to emphasize the development of the design. 


We have now discussed three type 2 phase locked loops. The first using the 
filter of Fig. 11.31A, EQ 11.79 as shown in Fig. 11.32. The second phase locked 
loop using the filter of Fig. 11.310, EQ 11.42 as detailed in Fig. 11.40A and C. 

We then discussed the third order effects and tieie adjustments if we built a phase 
locked loop using the filter of Fig. 11.31B, EQ 11.39 as developed in Fig. 11.40B, 
C, and D. We might profitably discuss a type 1 loop although its use is limited 

due to its phase error due to the difference between the free running frequency and 
the input frequency. This error is easily visualized when we think that with a type 
1 there is no intergration of the error. Tae. error that is stored on the filter 
capacitors leaks away, therefore, it must be constantly replenished whicn requires 


a constant phase error to maintain the oscillator on frequency. 


12.40 


etsy 


PUBLICATION INTENDED. ALL RIGHTS RESERVED. 


There are several variations in the QPEC curve that should be discussed. 


relate to defects and/or anomalies of the disc/media surface. In Fig. 13.6 


a QPEC curve is shown that illustrates the effect of a small agglomerate 


~_ 
—_ 


m5 { 
fe) earl cee ce 
\ 
\ 
Fig. 13.6 + Fig. 13.7 2 
QPEC Curve Showing a 


QPEC Curve Showing a 


Media Anomaly Media Defect 


in the media. This causes a bit or a few bits to have a different local bit 


shift than the remainder of the track, but the S/N ratio remains the same, 


hence the curve continues down at the same slope. The feature of Fig. 13.7 


is caused by a scratch in the media in proximity to a recorded transition. 


The scratch causes a d@/dt signal, called an extra bit or drop in. The pulse 


adds to an existingtransition and phase shifts the transition beyond the W/2 


limit, thus causing the curve to extend to the right at one count per revolu- 


tion or more. The variation shown in Fig. 13.6 could also be caused by this 


mechanism if the shift is small. 


During manufacturing testing of a large number of machines, the QPEC 


curve is not cost or time effective. There are other techniques that permit 


definitive testing. It has been customary to do several things, parameter 


or circuit wise, to the channel to remove some of the margin built into the 
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The gain of the phase detector is Taye volts/rad. The oscillator Output is 


a sawtooth wave from -2.0 v to +2.0 v as is seen by the reference clamp voltage at 


the emmitter of Q2 and the +2 v reference on thecmparator. The gain is 


Z T aa (E 11 1] 
la = _(Fa\(27) = = mas (4-ov) C. Q . 9) 
The Creer’ dL sepeca be 
I ~ Vow — Vbe + Ve | (EQ 11.120) 


Jovaecé RK, 
Therefore, the gain of the oscillator is radians per volt second is 


i x (Vee ~ Vie + Ve) 27 (EQ 11.121) 
(Ks { 4ev) Co) 
The filter is in two parts. The first is the sample and hold network, R, in 
parallel with Cs and the second is Ro in series with C.. Assuming the design 
of the analog switch and the input pulse width permits full charge or discharge 
of the hold capacitor, we can write the equation 11.122 if Ks= sample rate gain, 
Ksh is the sample and hold filter gain. | 


ee Ko 
Cis) = Ks Ky Kew Ke > (EQ 11.122) 


Therefore, 
Y), Os) K s K » Kus kK. * = 
0 ce. (EQ 11.123) 
P iv ) L + Ks Ke Kaw Ke Le 
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greater than a single setting thus causing an error in a data channel — 

two different functions for two different results. Of course, the QPEC cir- 

cuit could be used at a single setting to get an error indication, but as the 
channel also provides record position as byte count information of the error Loc47 ov 
it would require extra circuitry if the QPEC circuit were used for defect 


logging as well as just a channel functionality test. 


At this point it might be well to point out a method devised by Mr. F. 
Sordello that graphically predicts the performance of a recording channel if 
an isolated pulse can be measured for Pweg and the channel S/N ratio is known. 
The method uses an Arc Tangent pulse drawn on a sheet of paper with a normalized 
amplitude and time scale.A. Drawn on the same sheet and centered is the differ- 
entiated pulse shown to salty ale again at 10 X horizontal scale similarly 


centered. 


Fig. 13.9 


Using this sheet and a table of noise amplitude probabilities, both intersymbol] 
interference caused bit shift and noise caused bit shift can be predicted. The 
first is done by algebaidy adding the contribution of a second inverted Arc 


Tangent pulse (Fig. 13.10), 
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Pee aefow (ALK zef ewe 
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Fig. 13.10 ' Fig. 13.11 
ee 

placed at the correct spacing of hive then doing the same to the differentiated 
— 
L 


Arc Tangent pulse. The peak amplitude reduction is shown on the first curve. 
The intersymbol interference caused bit shift is shown as the difference in 
time between the original differentiated pulse zero base line crossing and 


that of the second er modified differentiated 2efo pase Iktn€ Crossing. 


The contribution of bit shift from noise can be determined using a curve 


relating RMS noise amplitude to a gausizn distribution. 
| 1 _vé 
The gausian distribution is P(y) = 27a#"C Zor? EQ13:1 


From this equation we can generate a table of noise amplitude as a func- 
tion of probability of occurance. 


(See MISCHA - SCHWARTZ - MCGRAW HILL, 1959,. Page 373-390) 
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or B as they are rejected by G anyway. This is a very useful circuit and is 
required for all FM codes unless logic is devised to overcome the original 
limitations of both pulse width and propogation delays. The shift regisiter 
itself is used to convert from RZ to NRZ which is used to transmit data between 
units of a system. 
RZ to NRZ Convertors for Valued Pulses 

The design Scobie with this type circuit is that there is no interlea ed 
"clock pulse” cycle to use for housekeepping activities such as we used for ‘ 
extending the data window. Obviously the circuits that must be devised for this 
application must be edge sensitive only as each cycle is a complete window in 
itself. The problem is at both extremes of the window unless the designer 
disallows a small area at each extreme of the window. If this is done, then a 


pulse located near the edge will be missed entirely and not just and mispositioned. = 


Careful attention to logic delays and extra circuits for parallel use are required 
to ensure no missing data. Fig. 11.45A, B, and C show both the waveform 
application and a circuit. The data input is slimmed into a very narrow pulse by 
A which sets B. An overlap of the set pulse and the possible clock edge is possible 
therefore, that data bit will be maintained in B causing an error if the next pulse 
is missing. The FF C is only used for delay to account for propogation thru B 

and the set up of block D. Again, if the delay from C is not long enough, then 
the late bit into B will not propogate on the cycle but will possibly show up in 
the next position due to the overlap of the set and clock lines of B. Block E is 
now added to allow for the completed set pulse into B before B is clocked. This 
is about the best that can be done using current logic for this application. 

What would be great is to have a block that has two independent clocks, one for 


data and the other for clock. 
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starting Circuits 

Before we leave the subject of Phase Locked Loops, we should discuss starting 
circuits. These circuits are tised to stop the oscillator briefly and restart it 
in phase with the incomming data. This is useful if the oscillator is already 
_running near or at the incomming frequency which minimizes the phase correction 
required. If the incomming data pulses were inputted at random phases to the 
oscillator, then there is a distinct passsbin ity that the oscillator will Slip 
phase, meaning the phase error exceeds 180° therefore it will lock up on the next - 
cycle. For mixed clock and data systems, this will cause clock pulses to be 
missinterpreted as data pulses. Also, it takes longer for the loop to stabilize 
after a 360° Slip. In disc files it iS now customary to lock the "VFO" to the "PLO" 
during non-Raad cycles and then switch to read pulses during Read. The circuits 


are also complicated by using non harmonic phase detectors when locking to the 


is shown in Fig. 11.46. Here we have both features of the oscillator clamp’ 
controlled by the charting edge of the Read Gate and the input data (either Read 
Data or "PLO") as well as the High Bandwidth switch used for fast sync up. This 
latter is usually referred to as Fast Taw. As can be seen, the oscillator is 


4 


clamped fe one half cycle,unti] the counter is satisfied by counting input "data" 
after the Gate edge. For correct operation, the clamp must be able to charge the 
capacitor during some minimum interval. For some type oscillators, this minimum 
interval is one half cycle, therefore, the counter must count to two and hold. 

- For-others, a single count and hold will suffice. The Fast T must also be : 
synchronized with the data due to the gain change. The circuitry for doing this 


includes the current at” Chénfeand the filter change (zero-pole) switches 


illustrated in Fig. 1140E. The control blocks are simply a regular single shot ; \ 
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of the differentiated noise including electronic and disc/media noise at the 


same location. 


The peak value of noise voltage becomes 


(6.36)(Vn RMS) | EQ 13.4 
or interms of the ds ratio-and converting the RMS sig voltage to base to 
dn 
peak at the same time we get 
. 6.36 _ 4.497 
"peak “42 os a EQ 13.5 


dn dn 
which is the peak noise expressed as a fraction of the signal peak. 


When we used the d(RMS signal) value to get ower d(S/N) ratio, we are 


really in error when we use this value with a differentiated isolated pulse 
as the amplitude of the isolated pulse is greater. All that occurs is an 


error in favor of poorer performance which is acceptable. 


Going back to our grafh we now locate this amplitude fraction on the 


expanded scale ( Fg 15/2 ) 


Fig. 13.12 


( differentiated pulse. The value of the peak shift can be read off on the 


horizontal scale and multiplied by Pwsg which converts it into bit shift fa serwads 
é 14.13 
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triggered by the change of the Read Gate followed by a'D F.F. Thus the + High 
B.W. or + Fast T signal will be synchronized with the first data pulse following 
the Read Gate change and is reset by the first data pulse following the fall of 
the single shot output. 
Data Format Requirements 

From the above we can see that it takes time for the various circuits to be 
ready to properly handle the data. The Write requires establishment of the Write 
Current only before valid transition can be written on a previously selected head. 
With Read, the amplifier requires recovery from any select transient, the AGC 
requires establishment and lastly the "VFO" require synchronization. Thus the 
preable written spieets each record must include the foregoing, plus some data 
pattern recognizable as*the grouping just prior to the actual record. This grouping 


can be a single transition phased to occur in the data window or some pattern. With \ 


FM codes, some means must be provided to allow differencing between clock pulses 
and data pulses. This is usually accomplished during the sychronization time of 
the VFO by making all transitions, clock transitions. Circuitry can be added to 
ensure that during this period no data is clocked owt of the data separator. If 
it does, then the phase of the oscillator requires reversal. This is easy to do 
for FM code since the oscillator is required to run at a frequency that includes 
both data and clock pulse cycles serialy for phase detector use, but at half this 
rate for separation use; enererere: an intervening F.F. is added to divide by 
two. If, during the synchronization period,a "data" were clocked out, it would 

be routed to the reset line of the FF to reverse its phase. Such a curcuit is 


shown in Fig. 11.47. 


12.46 
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Now to get the total bit shift due to intersymbol interference and noise, 
we just add the two values. According to our eariier rule of thumb each of 
these two values should be about one third of the half window width each which 
predicts performance at the required error rate,fincluding,margin of one third 
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as a fraction, thus, two input bits may be assigned into four cell positions 


and will, therefore, be designated 
n 4°72 (£Q 12.1) 


The remaining code designations refer to the minimum and maximum run lencth of 
zeros. The minimum number of zeros is designated as d, and the maximum number 


of zeros is k, thus any code can be described 


@ (d,k) | (EQ 12.2) 


To see how we uSe this designation, let us try it on several of the codes we 


have previously introduced. Our NRZI code can be written 
m = me a4 
@ (d,k) = 1 (0,8) (£9 12.3) 
where m=], n=l] meaning that for every input bit there is a unique cell assigned. 
d is zero meaning that each cell can have a one bit, and k= indicates that an 


all zero record can be written without any (Ctans:Cions. - The code similar 


to NRZI where a ninth sync bit is added for every eight bits can be written 


@ (d,k) = £ (0,8) (EQ 12.4) 


which would be easier to handle thru the amplifiers. The FM code would be 
m at | 
yw (dek) = x (051) (£Q 12.5) 


meaning that there are two cell positions for every input data. Each cell can 
be filled and only one cell in a row may be left zero. 
The PM code is designated the same. For this reason we still need 


further description to identify any particular code. The MFM code is written 
M (dik) = + (1,3) | (EQ 12.6) 
n 9 2 3 : 


where any bit is associated with two cell positions, one of which must be left 
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boundary of a cell, suppress all clock bits at the cell center ercept those 
preceded and followed by a zero, and so on as the boundary is changed to the 
trailing boundary instead of the leading boundary. 

The group codes differ in that they are substitution codes with sometimes 
very elaborate rules as to run length. The most familiar of these is the GCR 


code, or Group Coded Recording, used in the tape industry 
D (dk) = © (0,2) EQ 12.8 


The code conversion is listed in Table 12.1 below 


TABLE 12.1 GCR CODE Data Value Recorded 
0000 11001 
0001 11011 
0010 10010 
0011 10011 
0100 11101 
0101 10101 
0110 10110 
0117 10111 
1000 11010 
1001 01001 
1010 01010 
1011 01011 
1100 11110 
1101 01101 
W100 01110 
11 01111 
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as taken from his paper. | | “5 


TABLE 12.3 3PM CODE 


Adjacent Word Influence Output 


000 X 0 000010 
000 X 0 000001 
001 X 0 000100 
010 X 0 010000 
01 X 0 010010 
011 X 0 010001 
~ 100 x 0 001000 
101 0 0 I: 0: 0.0. 0: D:, 
101 + 000000 
110 0 0 100010. 
110 + 1 00001 0 
‘110 0 0 100001 
AE 110 + 1 000001 
111 0 0 100100 
W1 + 1 000100 


“where 4=influence, O=no influence, X=don't care, and Pe is the previous 
word's P, as altered for this word. Fora further explanation, see the | 
paper entitled "A New Look Ahead Code for Increased Data Density" GV Jacoby. 


“IEEE Sept Proceedings on Magnetics 1977, vol 13, No 5, p 1202. Another 


code that is useful is designated as (Newman, Fisher) 


pa | @ (dk) = $ (1,7) EQ 12.10 
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pie cee | The code compresstor Dr = $71.5, % utilize the code, input data may be 
| accepted 2, 3, or 4 bits at a’ time depending on the content. All possible 
i combinations can be adeeb from those listed in Table 12.5. This code is. 
_ |}. attributed to Mr, Franazek of IBM. 
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